Rochester Institute of Technology

RIT Scholar Works
Theses
4-2022

Performance Evaluation of Minimum Quantity Lubrication (MQL)
When Machining High-Performance Materials
Shafahat Ali
sa2654@rit.edu

Follow this and additional works at: https://scholarworks.rit.edu/theses

Recommended Citation
Ali, Shafahat, "Performance Evaluation of Minimum Quantity Lubrication (MQL) When Machining HighPerformance Materials" (2022). Thesis. Rochester Institute of Technology. Accessed from

This Thesis is brought to you for free and open access by RIT Scholar Works. It has been accepted for inclusion in
Theses by an authorized administrator of RIT Scholar Works. For more information, please contact
ritscholarworks@rit.edu.

PERFORMANCE EVALUATION OF MINIMUM QUANTITY
LUBRICATION (MQL) WHEN MACHINING HIGHPERFORMANCE MATERIALS
By

Shafahat Ali
A Thesis Submitted
in Partial Fulfillment
of the Requirements for the Degree of
Master of Science
in
Mechanical Engineering
Supervised by
Dr. Salman Pervaiz
Department of Mechanical and industrial engineering
Rochester institute of technology Dubai campus
United Arab Emirates
April 2022

RIT
Master of Science in
Mechanical Engineering
Thesis Approval
Performance Evaluation of Minimum Quantity Lubrication (MQL)
when Machining High-Performance Materials
Student Name: Shafahat Ali
-----------------------------------------------------------------------------------------------------------Dr. Salman Pervaiz
Associate Professor
Dept. of Mechanical Engineering

_ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _
(Thesis Advisor )

-----------------------------------------------------------------------------------------------------------Dr. Wael Abdel Samad
Associate Professor
Dept. of Mechanical Engineering

______________________
(Committee Member)

-----------------------------------------------------------------------------------------------------------Dr. Dua Weraikat
Assistant Professor
Dept. of Mechanical Engineering

______________________
(Committee Member)

-----------------------------------------------------------------------------------------------------------

I

Abstract
The manufacturing sector is among the fastest-growing in today's industrialized world.
Manufacturers are concerned about increasing their competitiveness and profitability.
Increasing the efficiency and sustainability of manufacturing processes is one way to
improve productivity and improve profit margins. Learning about cutting conditions and
how they affect machined surfaces and tool life can help improve productivity. Nowadays,
the goal is not just to increase productivity but also to make processes more
environmentally friendly and cleaner.
This research aims to analyze the machinability of difficult-to-cut magnesium alloys
through different cooling and lubrication strategies and their impact on the environment.
This study conducted controlled machining tests with dry and vegetable oil mist cutting
settings to measure surface roughness, tool contact length, chip morphology, and flank
wear. The present study provides insight into the cutting performance of coated carbide
tools. To improve the machinability of magnesium alloys, the study also investigated tool
wear mechanisms, surface roughness, and primary and secondary components of
machining, such as effective shear angle, compression ratio, and coefficient of friction.
In this study, we found that minimum quantity lubrication (MQL) performed well under
various speed ranges for coated tools. Cutting speed and feed rate correlated closely with
tool wear, surface roughness, and other output response parameters. MQL-based systems
offer great potential to improve the machinability of magnesium alloys, and they should be
explored further.
Keywords: Magnesium alloy, Grey relational analysis, tool wear, surface roughness,
compression ratio
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Chapter 1
Introduction
Nowadays, sustainable development (SD) is a common global issue. During machining, it
was evident that when material cutting occurs, it increases the heat produced due to plastic
shear deformation and friction. Sustainable development (SD) aims to progress human
development while maintaining the environment simultaneously. Reducing the
environmental impact of metal cutting operations has always been a significant concern for
the manufacturing sector. In recent decades, metal machinability has been improved by
cutting fluids. Several factors affect today’s manufacturing industry, including the fiscal
crisis, new environmental regulations, supply chain challenges, and customer demands
(Kopac 2009). Manufacturing companies and other sectors are increasingly exploring the
possibility of developing and improving their environmental performance with sustainable
development (SD).

The superalloys are those which are complex and have high temperatures. Alloys made
from titanium, cobalt, nickel, etc., are considered superalloys. Nickel-based and titaniumbased alloys are more corrosion resistant than steel and aluminum alloys. They possess a
higher strength-to-weight ratio, a higher fracture toughness, a higher fatigue strength, and
the ability to work at higher temperatures. The main issue is the wear on cutting tools
caused by superalloys due to their hardness and high cutting temperatures (Niinomi 2019)
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Table 1-1 High-performance alloys and their application (Wu et al. 2021)(Kulekci
2008)(Ezugwu, Bonney, and Yamane 2003)(Mega Mex 1990)
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Due to its high strength-to-weight ratio, fracture toughness, fatigue strength, corrosion
resistance, and ability to withstand high temperatures, this high-performance material is
ideal for structural applications, aerospace, automotive, and biomedical applications. A
brief comparison of a high-performance material is shown in Table 1-2.
Table 1-2 Physical and chemical properties of High-performance alloys (Mega Mex
1990)(Wu et al. 2021)(Material n.d.)(Jayasathyakawin et al. 2020)

Figure 1-1 Practical application of High-performance alloys (M’Saoubi et al. 2015)
14

Figure 1-2 Share of the global HPA market by 2023 (forecasted) and 2016 (Das 2018)

Figure 1-3 Market share of superalloys by application, 2013 (Lts n.d.)

1.1 High-performance material machining
The Brundtland Commission is widely recognized as the most influential source of general
definitions of sustainable development (Press. 1987). A development strategy that meets
the current needs without compromising the future potential. When implementing
sustainability enhancements, the result of each exercise must adapt to the situation at hand
while also maintaining the overall goal by following the above definition of sustainability.
Therefore, it is imperative to take into account all relevant levels of manufacturing
sustainability - products, processes, and systems - and not choose to focus on just one of
these. The Commerce Department defines the definition of sustainable manufacturing as
“Developed to minimize environmental impact, conserve energy, and mitigate workplace,

15

community, and consumer hazards, and maximize the return on investment”(U.S.
Department of Commerce 2007).

Figure 1-4 Closed-loop of sustainable manufacturing and its evolution(Jayal et al. 2010)
Environmental footprint and greenhouse gas (GHG) emissions are reduced through
sustainable manufacturing. Several sustainable practices are required in metal cutting
sectors because of the hazard associated with most cutting fluids and the need to maintain
the integrity of machined parts if the rework is to be avoided. Cutting fluids should also be
limited. Replacing the conventional flood cooling method with near-dry and minimum
quantity lubrication (MQL) can reduce environmental burdens. Most manufacturing
operations involve the use of machines.
Additionally, reducing the production of greenhouse gases (GHGs), reducing processing
time, and lowering energy consumption all contribute to reducing our environmental
footprint. Machine tools use electrical energy to perform machining operations. An
electrical grid system provides the energy. Coal, fossil fuels, hydraulic energy, nuclear
energy, solar energy, and wind power are all-electric power sources. Solar, wind,
geothermal, and tidal power all produce different amounts of greenhouse gasses (GHG),
but renewable resources (such as solar, wind, and geothermal) produce fewer greenhouse
16

gasses (GHG). Renewable energy sources and the optimization of machining processes can
help reduce greenhouse gas emissions (GHG).

Figure 1-5 Machining characteristics that promote sustainability.(Chetan, Ghosh, and
Venkateswara Rao 2015)

1.2 High-performance materials: challenges in machining
These alloys are in great demand in engineering sectors; however, primary and secondary
processing is complicated. The high strength and hardness make them difficult to machine
at high temperatures. The hardness of high-performance alloys at high temperatures, their
strain hardening, and their chemical reactivity make machining them difficult. A list of the
challenges encountered during titanium alloy machining is provided below.
Ti, Ni, and magnesium alloys have thermal conductivities ranging from 7.5 Wm-1 K-1 to
116 Wm-1 K-1 and heat capacities ranging from 540 J kg-1 K-1 to 1100 J kg-1 K-1. In
comparison to the alloys listed above, structural steel has a thermal conductivity of 450 W/
m*K. In high-performance alloys, the high cutting temperatures, high heat capacities,and
low thermal conductivity can cause poor heat dissipation during cutting. A low thermal
conductivity at the cutting edge causes a great deal of heat trapped at the edge, resulting in
high thermal stresses and short tool life.
During the machining phase, high-performance alloys remain strong at elevated
temperatures, preventing plastic deform.
High yield points and low plasticity make high-performance alloys excellent elastic
materials. Due to the elasticity of high-performance alloys, the cutting tool bounces back
like a spring during machining. (Ezugwu et al. 2003)
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Due to the high chemical reactivity of high-performance alloys, welding along the cutting
edges can result in catastrophic tool failure and severe chipping. (Ezugwu et al. 2003)
A high magnitude of stress occurs at the cutting edge when the tool's rake face is not in
contact with the workpiece material. (Ezugwu et al. 2003)

1.3 Research aim and objective
Studies on the machinability of Magnesium alloys such as AZ31, AZ61, and AZ91 are
extremely rare in the literature.
It is also rare to find that chip morphology of Mg alloys using MQL has been studied in the
literature.
•

Using a multi optimization technique to optimize the performance of the output
parameters for both machineability and sustainability.

•

The influence of MQL-assisted machining will be investigated using chip
morphology, tool wear, and surface roughness.

•

Development of a vision-based system to inspect chip morphology.

1.4 Organization of the thesis
In this thesis, there are four articles arranged in five chapters. A review of different variants
of the MQL system for high-performance machining alloys is the topic of the first article.
A study of cryogenic machining and processing is presented in paper 2, including exploring
the machinability and sustainability of high-performance alloys.

In this study, cooling

strategies are evaluated using a variety of parameters, such as cutting temperature, cutting
force, tool wear, surface roughness, flank wear, and chip morphology.
The thesis consists of seven chapters:
The first chapter introduces the topic briefly and outlines the aims and objectives of the
study.
Literature reviews are presented in chapter two on high-performance alloy machinability
and sustainability concepts in machining.
In the third chapter, we discuss the experimental method and setup used to experiment.
In chapter four, we summarize the significant findings and results from all of the appended
papers.

18

This chapter shows how machinability is evaluated and how optimization techniques are
utilized in this research.
The sixth chapter presents a vision-based system.
The last chapter of the book summarizes all the research findings and suggests areas for
future research.
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Chapter 2
Literature View
2.1 Orthogonal cutting process
Metal cutting involves chipping away a layer of metal from a blank to produce the
required shape and dimension with a specified level of finish. Chips formed in metal
cutting are mainly produced by a shear process centered around a narrow plastic
deformation zone that extends from the cutting edge to the work surface, as shown in
Figure 2-1. The primary shear zone is a narrow zone where the chip is mainly formed. In
addition, the metal experiences deformation in two additional zones: the secondary shear
zone at the interface between the chip and the tool caused by the high everyday stress
created by the tool face, and the tertiary shear zone caused by the high pressure within the
tool cut.

Figure 2-1 Deformation zones in the metal removal process (Markopoulos 2013)
The removal of material by shearing results in removing small chips of material. An
orthogonal machining process is a fundamental model for understanding the machining
process. The figure illustrates an orthogonal cut schematically. In orthogonal cutting
orientation, the cutting edge is perpendicular to the direction of cutting speed.
20

Figure 2-2 Schematic representation of orthogonal cutting (Davim 2008)
There are a variety of thermo-mechanical and nonlinear operations involved in the metal
cutting process. There is high friction in primary and secondary shear zones, which can
cause complications due to the high strain rate. The chip formation process is also
extremely complex, as it involves a great deal of plastic deformation (Shet and Deng 2003).
As shown in Figure 2-3, a deck of cards at a shear angle (α) was used to illustrate the chip
formation process. A parallelogram-shaped card represents chip formation at low and high
cutting speeds for shear angles. Each card slides across the neighboring card as the cutting
tool advances with a certain velocity. Instead of assuming plastic friction at the cutting tool
face, this approach assumes elastic friction. The approach also assumes no built-up edge
(BUE) or chip curl.

Figure 2-3 Schematic representation of the chip formation using deck of card approach
(Lancaster 1980)
21

2.1.1 Force and stress distribution
The primary and secondary shear zones are located in high normal and shear stresses
created by metal cutting operations. High plastic deformation is present in this primary
shear zone, and friction is present in the Secondary shear zone. Thus, these normal and
shear stresses are formed. We assume that shear and normal stresses are distributed
uniformly in the primary shear zone.

Figure 2-4 Schematic representation of force in merchant shear plane of forces
(Markopoulos 2013)

Shear plane force components (Fs and Fn ), friction force and normal force at the tool chip
interface ( F and N ), cutting force ( Fc ), and thrust force ( Ft) can be determined using the
shear angle, tool rake angle and friction angle, as shown below.
𝐹𝑠 = 𝐹𝑐 𝐶𝑜𝑠∅ − 𝐹𝑡 𝑆𝑖𝑛∅
𝐹𝑛 = 𝑅𝑆𝑖𝑛(∅ + 𝛽 − 𝛼)
𝑅=

𝐹𝑠
𝐶𝑜𝑠(∅ + 𝛽 − 𝛼)
𝐹 = 𝑅𝑠𝑖𝑛𝛽
𝑁 = 𝑅𝑐𝑜𝑠𝛽

𝐹𝑐 = 𝑅𝐶𝑜𝑠(𝛽 − 𝛼)
𝐹𝑡 = 𝑅𝑆𝑖𝑛(𝛽 − 𝛼)
22

Calculating the area at the shear plane (As) requires that one take into account the cutting
area (t.w) and shear angle (∅).
𝐴𝑠 =

𝑡. 𝑤
𝑠𝑖𝑛∅

The following formulas can be used to calculate normal (𝜎) and shear (𝜏) stresses using
this shear area.
𝜏𝑠 =

𝐹𝑠
𝐴𝑠

𝜎𝑠 =

𝐹𝑛
𝐴𝑠

2.1.2 Power consumption in machining performance
In general, machines are rated based on their power. The specific power (Ps) is computed
by dividing the power input (Fc. Vc) by the rate of material removal (MRR). A specific
power indicates the difficulty of machining a given material. In cutting processes, power in
total can be computed by multiplying specific power by material removal rate.
𝑃 = 𝑃𝑠 . 𝑀𝑅𝑅
The gross power of the machine is another term used in machining where the power is
calculated by using efficiency.
𝑃𝑔 =

𝑃
ɳ

Metal cutting handbooks or literature provide recommendations on cutting speeds for
specific materials. In order to determine the spindle rpm (N), one needs to compute the
cutting speed (Vc) based on the workpiece diameter (D);
𝑉𝐶 = 𝜋𝐷𝑁
Similarly, a cutting tool's travel, and feed are usually indicated by one revolution of the
workpiece. Depending on the tool material and workpiece, the manufacturer will
recommend the feed rate.

2.2 ECO-FRIENDLY COOLING & CUTTING STRATEGIES
Recent advancements in the world makes the world closer by using the aerospace industry.
In the aerospace industry, the main material used is titanium and Inconel but it's hard to
machine for the specific geometries. So, many types of cooling techniques used in the
machining of these alloys affect the environment and also these coolants don’t support
23

productivity. Cutting temperature, surface roughness, tool wear, and cutting forces are the
main parameters for studies. So, the cryogenic technique is one of the newly developed
techniques which are discussed in this article to remove the extra heat from the workpiece
(Kaynak, Lu, and Jawahir 2014)
When high-performance machining alloys, metalworking fluids (MWFs) should be used to
extend tool life, improve surface finish, and remove chips from the cutting zone. To
improve surface finish, extend tool life, and remove chips from cutting zones,
metalworking fluids (MWFs) should be used when machining high-performance alloys
Metalworking fluids have numerous uses during machining, such as lubricating or cooling.
There is a great deal of controversy surrounding metalworking fluids' economics and
environmental impact (MWF). As a result of their toxicity and non-biodegradability, these
lubricants and coolants pose a danger to the environment. In order to be sustainable,
machining processes must reduce toxicity while improving biodegradability. An overview
of various topics is provided in this section.
2.2.1 Dry cutting
In dry machining, no cutting fluid is used to remove metal, making it environmentally
friendly. However, dry machining can lead to problems because it produces high amounts
of heat, significantly when cutting difficult-to-machine material. Moreover, the chips and
dust left over from machining are extremely difficult to remove. Due to this issue, tool wear
is high, thereby increasing production costs.
(Parhad, Likhite, and Bhatt 2014) research showed that the depth of cut influences
Austempered Ductile Iron (ADI) machinability in terms of surface quality. When the
cutting speed is increased, the quality of machined surfaces improves. As the cutting speed
decreased, the surface roughness increased. In this study, they also found that the best
surface quality was obtained by turning ADI at speeds between 150-200 m/min, feeding
0.1 mm/rev, and cutting two millimeters deep.
An ADI alloy containing manganese was investigated under dry conditions for the effects
of heat treatment and cutting parameters. On the other hand, feed rate affects surface
roughness more significantly than cutting speed and austempering temperature. (Hegde and
Sharma 2018)
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2.2.2 Flooded cooling
The tool, the workpiece, and the chips create friction and heat during machining, causing
considerable heat. A tool's heat generation must be reduced in order to increase the tool's
life and dimensional accuracy, as well as to increase material removal, decrease cutting
forces, and improve the surface roughness of the workpiece. To remove the heat from the
machined surface and lubricate it, fluid is used. Fluids used for cutting should help extend
tool life, increase surface integrity of workpieces, flush chips from cutting zones, and guard
against corrosion(Bulletin n.d.). Flood cooling is the process of directing coolant at a
cutting zone in traditional machining. Coolant is used in large quantities here. A number of
disadvantages are associated with this method. This first one deals with the costs of
machining and their disposal.
The cost of coolant and its disposal is about 15% of total machining costs (Ron Quaile
n.d.).The second relates to a safety issue for operators. When operators are in contact with
the coolant for a long time, they may experience skin problems. The third aspect is the
environmental impact. Cutting fluid mixes with the chips produced by machining, making
it impossible to dispose of them directly as trash. As well as filtering coolant before reuse,
it should also be disposed of after several uses.
In any industry, disposing of chips and using coolant as hazardous waste is extremely
expensive. Coolants are therefore not environmentally friendly nor user-friendly when used
in large quantities. Machines should be lubricated with a minimum amount of lubrication
(MQL) instead. MQL is also called a near dry machining process or spatter lubrication
(Quaile n.d.) (Braga et al. 2002).
The use of flooded cooling techniques is expected due to higher surface finish, extended
tool life, and cutting chip chips from the surface. Nonetheless, this cutting fluid is hazardous
to the environment and to the operator. According to environmental regulatory authorities,
they have to dispose of that fluid or coolant and recycle the future chips. The cost
accumulated in this process is around 15% of the total machining cost. (Weinert et al. 2004).
2.2.3 Minimum quantity lubricant (MQL)
MQL produces aerosols by mixing high-pressure air with oil and supplying them near the
cutting edge. In the cutting zone, an aerosol impinges at high speeds. Oil provides
lubrication and cooling by evaporating droplets, while aerosols provide cooling and chip
removal. Air pressure in the MQL process varies between 4 and 6.5 Kgf/cm2 and the flow
of lubricant varies between 10 and 100 ml/h (Silva et al. 2005). Additionally, various flow
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rates have also been reported in the literature, such as 50-500 ml/h and 2-300 ml/h (Zhong,
Zhao, and Wang 2010).

Figure 2-5 Minimum quantity lubricant system (Junankar, Purohit, and Sayed 2019).
An MQL application can be implemented either internally or externally, as shown in
Figures 2-6 and 2-7. Mist is sprayed through the spindle, the tool holder, and the tool during
the internal method of applying MQL. For applying MQL internally, two approaches are
available. One method involves passing oil and compressed air through the spindle and tool
holder through an external unit. Another approach mixes the oil with compressed air and
passes it through the spindle and the tool holder. Applied externally, MQL consists of
mixing the oil with the compressed air in a single external unit and getting it dispersed from
an external jet. In low-speed processes like gear cutting and surfacing, this system works
well as it is simple, less expensive, and can drill shallow holes with ease(Junankar et al.
2019).
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Figure 2-6 Internal channel cooling system (Junankar et al. 2019)

Figure 2-7 External channel cooling system (Junankar et al. 2019)
By lubricating the rack face of the cutting tool, the newly developed MQL technologies
reduce the temperature of the cutting tool. It will reduce the friction between the tool and
chip by performing the machining. The lubricant required for the MQL is much less than
1L/h (Benjamin et al. 2018) which is reduced impressively from 100L/h in flooded cooling
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(Srikrant 2017). However, special equipment is required to optimize the droplet.
Furthermore, vegetable oil is used for the cooling process in machining(Pervaiz et al. 2016).

Figure 2-8 Cutting forces at cutting speed of 90, 120 and 150m/min, respectively (Pervaiz
et al. 2016).
It is evident from the above figures that the cutting force is increased as the feed rate is
increased. The 70mlL/h MQCL showed the best results over others when cutting at
90m/min and feeding at 0.1mm/rev, while the worst results occurred when cutting dry.
They performed at the feed rate of 0.1, 0.2, and 0.3mm/rev and the cutting speed of 90,
120, and 150 m/min. The resultant cutting forces are increased in all conditions; it has the
same trend for all cooling conditions. They performed the experiment on the dry, MQCL60, MQCL-70, MQCL-80, MQCL-90, MQCL-100, and flooded cooling. When moving at
a feed rate of 0.1 to 0.3mm/rev, the forces range from 400 to 700 while cutting at 90m/min.
The MQCL-60 reduced the forces slightly for the 0.1mm/rev to above 300, and it comes
on the 300 using the MQCL-70. The forces are increased when the feed is increased from
0.1 to 0.3 it showed 500 and more than 650N for the 0.2 and at 0.3mm/rev. Similarly, for
the MQC-70 forces increased above 500 at 0.2 and approximate 700 at 0.3mm/rev.
Increasing the flow rate of coolant did not have any effect on the cutting forces. For the
flooded cooling, the forces are increased from 0.1 to 0.3 from above 300 to 700N. For the
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cutting speed of 120m/min, the dry cutting showed forces from 400 to above 700N. The
MQCL-60 and MQCL-70 showed a drop in the cutting forces at 0.1 mm/rev it's slightly
above the 300 but at the higher feed rates, it's the same as the dry cutting condition.
Although they used the MQCL-80,90,100 for the cutting condition these did not show any
enhanced result. For the cutting speed of 150m/min, the dry cutting has forces from 400 to
nearby 800N from 0.1 to 0.3mm/rev. At the cutting speed of 150m/min, the MQCL-70 and
80 showed the improved result from above 300 to 600N, around 300 to 65,0 respectively.
The same observation is observed for an even higher cutting speed of 120m/min and
150m/min. So, the optimum value under this condition is MQCL_70.

Figure 2-9 Wear mechanisms at 120m/min cutting speed and 0.1mm/rev feed rate (Pervaiz
et al. 2016)
According to figure 2-9, the MQCL-70 provided the best performance in terms of tool wear
under various cutting speeds and feed rates. In the figure, the cutting speed is 120 m/min
and the feed rate is 0.1 mm/rev. The selection of this value is dependent on other parameters
which are developed after the experimentation. It is clear from the above figure increasing
cutting speed and feed rate increases the tool wear, but the Cutting fluid at 70mL/h showed
the optimum result over all others. So, tool wear is reduced using the MQCL technique
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from all other techniques, which are dry and flooded cooling. Also, from the above SEM
micrograph, it is clear that adhesion and abrasion are playing the most prominent role in
the tool wear. This technique is used to collect the image of the chips and to study the tool
wear mechanism. Due to this, the buildup edges can see in dry cutting, which reduces the
tool life. The other MQCL process also has some adhesion and abrasion particles, but the
MQCL 70mL/h showed the optimum result under these conditions.
(Muthukrishnan and Davim 2011) provided experimental results indicating that coated
carbide tools provided better surface roughness during the machining of titanium alloys
compared to other cutting tools. Using MQL vegetable oil with varying parameters, (Liu,
Xu, and Han 2015) demonstrated this on titanium alloy, Ti-6Al-4V. The analysis revealed
that feed rate was the most important factor affecting cutting forces and surface roughness.
Cutting speed significantly affects wear rate and tool life, while feed rate mainly affects
surface roughness in these studies.
(Andriya, Rao, and Ghosh 2012) used dry machining to machine titanium Ti-6Al-4V using
a PVD coated tool. According to this study, the other major factors impacting surface
roughness were feed rate and cutting speed. According to (Ying-lin, Hui-yue 2009), the
high temperatures in the cutting zone of titanium machinery can have a negative effect on
the final surface quality due to chips melting and agglutinating to the tool face and the
surface being machined.
(Shaw n.d.) reported during the machining process that most of the energy (about 80% of
the energy supplied) was used for deformation in the primary and secondary zones, leaving
the remainder for sliding friction at the faces of the rake and flank. In order to reduce the
influence of high temperatures generated at the cutting zone when cutting difficult-to-cut
materials, several studies have attempted to improve coolant strategies. Besides reducing
heat, coolants also reduce friction between cutting tools and workpieces. The use of an
effective cutting fluid in the material removal process enhances tool life, creates a high
material removal rate (MRR), and cools and lubricates the cutting zone.
In the 21st century, more practical work is determined by the cost of the process and its
hazardous effect on the environment. (Cagan and Buldum 2017) revealed the performance
of MQL on titanium alloys which is light in weight and hard to machine. They provide
assistance to use the tool category, under which cutting condition machining performs and
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which process is more suitable for these alloys. MQL offers less power consumption;
minimum lubricant requires minor tool wear over the dry and wet machining process.
(Maruda et al. 2017) compare the different cooling techniques with dry machining and
study the tool wear by machining AISI 1025 using the P25 cemented carbide. After
performing the experiments, they use the MQCL mixed with the Phosphate-ester to
decrease the tool wear by 40% compared to the dry machining. On the other hand, using
the simple MQCL, they found that a 25% reduction was observed in tool wear compared
with dry machining. They are also using the smaller droplets of mist effect more in reducing
the adhesion and diffusion of tool wear by analyzing using the SEM technique.
The cutting tool topographic is shown below at the cutting speed of 350m/min. From these
figures, it's clear the depth of tool wear in dry cutting is more than all other processes, and
the least depth belongs to MQCL EP/AW. While analyzing the surface of tool wear
topographic the groove depth is higher in the dry condition over the other condition. The
groove depth for dry conditions is 450µm, it decreased for the MQCL up to 250µm and
decreased further for the MQCL+EP/AW to 180µm. During the dry machining, the
adhesion is clearly visible due to the interaction of tool material and workpiece. So,
according to this data collection, it's clear that MQCL EP/AW is the optimum method to
reduce tool wear.

Figure 2-10 Topography of the cutting tool at dry, MQCL and MQCL+EP/AW (Maruda
et al. 2017)
The figure below shows the different tool point conditions to find the optimum condition
MQCLEP/AW. It’s clear from the below figure the a) condition is optimum because it has
very little adhered material and less adhesion material over the other condition, which is
P¼5.8 l/min and l¼0.3 m. Here L is the distance of the nozzle, and P is the air volumetric
flow rate.
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Figure 2-11 Topography of the cutting tool surface using MQCL+EP/AW (Maruda et al.
2017)
Variables used to study the MQL were nozzle distance, cutting speed, feed rate, and cut
length (Hadad and Sadeghi 2013). They use these conditions to calculate the cutting forces,
surface roughness, and temperature. The thermal model calculated the heat transfer or heat
fluxes and the flank and rake Face Temperature. Also, their model is valid for the MQL
system. They found that the weather in MQL reduces 350 degrees C compared to the dry
cooling when the nozzle is provided on both faces. However, using the single nozzle on the
rack face decreases the temperature up to 200 degrees C compared with the dry cutting.
However, the MQL is used to cool the cutting tool, but in superalloys like titanium and
nickel base alloys, it’s hard to remove the excessive heat due to the convective mechanism
of air in MQL. So, the MQL is not suitable for these alloys due to less heat transfer from
the cutting zone (Haisheng Lin 2015), and the role is specifically defined for the set of
experiments. To improve heat dissipation, the researcher tried to lower the cutting
temperature by using water. Using water with the combination of oil enhances the resulting
temperature. Water evaporates when struck with the surface of a cutting tool, but the oil
will provide the lubrication to reduce friction (Salman Pervaiz 2019). In addition to this,
another method is proposed to reduce the amount of heat from the surface of the cutting
tool using the MQCL. (Krolczyk et al.., 2019)
A demonstration by (Dhar et al. 2006) using uncoated carbide inserts and AISI 1040 steel
showed that MQL could reduce cutting temperature and dimensional accuracy. Their study
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compared MQL results with dry cutting and wet cooling conditions. Different cutting
speeds and feed rates were used to compare wet, dry, and MQL cooling effectiveness.
The flow rate in MQL was 60 ml/h, with an air pressure of 7-bar. As the cutting speed
varied from 64 to 110 to 130 m/min, the feed rates were 0.1, 0.13, 0.16, and 0.2 mm/rev. A
variety of cutting speeds, feed rates, temperature ratios, and chip shapes and colors were
used to evaluate the effectiveness of the cooling media. Tool chip interface temperatures
were lowest under MQL when the feed rate was 0.1mm/turn, and the cutting speed was
130m/min. Temperatures measured at 0.2 mm/rev under dry, wet, or MQL conditions were
790°C, 775°C, and 760°C, respectively. Increasing the feed rate and cutting speed resulted
in decreasing cutting temperatures. An experiment with 110 m/min cutting speed, 0.2
mm/rev feed rate, and 1 mm depth of cut was conducted to determine the dimensional
Accuracy. The cutting length of 425mm was observed to have a minimum dimensional
deviation (70µm) in MQL and a maximum deviation (95µm) in dry cutting. It has been
found that MQL improves tool-chip interaction and maintains sharp cutting edges due to
reduce cutting temperature. As a result, the MQL reduces tool wear and damage, thus
improving dimensional accuracy.
According to the machining requirement in today's world, the world is moving toward
sustainable machining. Researchers are trying to find a way to omit the use of fluid as a
coolant in machining. This study illustrates how to reduce or omit the use of coolant in
machining the Inconel 718. (Zhang, Li, and Wang 2012) used the MQL technique mixed
with the cryogenic air to analyze the cutting forces and tool wear and compare this with the
Dry machining. After experimenting, it concluded that the tool's life is increased up to 57%
by using the compressed air mixed with the droplet of vegetable oil. By utilizing the MQCL
technique, they increased the tool life, and also, it's up to the new standard and regulation
policies of environmental authorities.
This study compares the effect of dry, MQL, and MQCL by the turning process's
experimental setup on stainless steel. They found the material's surface roughness by
altering the cutting speed as one of the parameters from an experiment on nickel-chromium
alloy and used mathematical techniques to measure the arithmetic roughness. Root mean
square deviation of its values and found the optimum results on the flow of 2g/min (Maruda
et al. 2015).
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By machining the titanium and aluminum alloys, machinists face many machine material
difficulties due to tool wear, surface roughness, and flooded cooling. The central theme
here is to decrease fluid usage because it is hazardous to the environment and isn't easy to
recycle. Various techniques are discussed here and based on the experimental work; it is
concluded that minimum quality cooling lubricant (MQCL) is best than others. This
Minimum quality lubricant technique (MQL) was used before to reduce the working
material's temperature and tool. It's not working smoothly for the titanium and aluminum
alloys because they have very low thermal conductance, which means heat is not removed
by doing this. Using the MQCL technique, (Pervaiz et al. 2016) found that 60-70mL/h is
the most effective coolant rate where they get the best result over a high feed rate. They
concluded after studying the surface roughness, tool wear, cutting forces, and tool wear
mechanism.
They analyze the effects of various parameters on the cooling of tool and workpiece; the
factor they studied in this (Maruda et al. 2016) is the velocity at the nozzle outlet, nozzle
distance from tool chip boundary, diameters of droplets of oil mist, and the angle of the
nozzle. They analyzed these factors critically and used the air as a cooling medium for the
cutting operation. After experimental work, they concluded that a smaller droplet of mist
provides a fine lubricant film with atmosphere and improves the machining performance.
During machining, MQL jet location is also an important factor. During machining, nozzle
position affects cutting temperature.(Ueda, Hosokawa, and Yamada 2006) Conducted a
study on the effect of the angle of MQL nozzle insertion on machining temperature for both
continuous and intermittent turning and milling of AISI 1045 steel. Both cutting
temperatures were measured with a two-color pyrometer. A mist of vegetable oil was used
for cooling because it is less harmful to users than conventional cooling. An airflow rate of
210 ml/min was used and an oil flow rate of 40 ml/hr. Tool temperatures in dry turning
were 60°C lower than those in wet turning. For example, the temperature was 1060°C at
300 m/min in dry turning and 1000°C with MQL. A temperature difference of (60°C)
equals a speed difference of 50 m/s. MQL can achieve high machining efficiency. When
milling was performed in a dry and MQL condition at a cutting speed of 300 m/min, the
temperature difference was 70°C. The cutting temperature was influenced by the location
of the MQL nozzle. A 45° horizontally and vertically installed nozzle resulted in the best
surface temperatures on the rake when turning. An MQL pattern was introduced on the
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flank face of the cutter in end milling. The dry cutting temperature was 660°, and the MQL
cutting temperature was 580°.

(Krishnan G et al. 2021) research the multi-jet MQCL end milling of Titanium alloy using
different jets at various locations. In their setup, they fixed one of the jets at 90 degrees
concerning tool entry and placed the other jets at a different angle by 20 degrees to see the
variation in the cutting forces, tool life, and surface roughness. Jets 1,2, and 3 are 20, 90,
and 160 degrees, respectively; jets 1 and 3 sprayed the moisture, and the jet supplied the
wet and cold air at the position. For the jets' angle, the average result cutting forces are
decreased by 40% compared to MQL and by more than 70% for Dry machining. The tool
life increased up to 62% for MultiJet MQCL compared to MQL and 4.38 times more than
the dry machining. In addition to this, the surface roughness decreased as compared to dry
and MQCL by three, more than two times, respectively.
Minimum Quantity Lubrication (MQL) has become increasingly popular in metal removal
processes. As an alternative to conventional cutting fluids, MQL has been considered a
good technique to use when implementing cutting fluids. In comparison with other cooling
and lubrication methods such as compressed air cooling and dry machining, MQL using
vegetable oil has offered the most promising environmental solution. MQL is an
environmentally friendly and sustainable cooling/lubrication technique because it uses low
amounts of vegetable oil, which is disposed of in an environmentally friendly way after the
machining process. MQL is also capable of balancing dry and flood machining techniques.
Micro-lubrication or near-dry machining (NDM) can also be used for MQL (Kaynak 2014)
(Boswell et al. 2017).
Here the flooded cooling method is not present because it is impossible to take the
temperature value using the infrared rays. According to the general trend here, as feed and
cutting speed increase, so do cutting temperatures. At the lower cutting speed, the MQL
and MJMQCL are 15ºC degrees far from each other, but at the higher speeds, this becomes
30ºC. They compare the dry, MQL, and MJMQCL for the cutting temperature at different
feed rates and cutting forces. By increasing the feed rate and cutting speed the temperature
is increased in all methods. The temperature at the feed rate of 0.075mm/rev and the cutting
speed of 150m/min in dry machining is observed at 195 degrees and it decreases to 180 in
MQL and further reduction occurs by using the MJQCL. The temperature seen in the
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MJMQCL at this condition is 150 degrees C which is approximately a 25% reduction in
the cutting temperature using MJMQCL.

Figure 2-12 Cutting tempreture variation with Feed rate and Cutting speed (Krishnan G et
al. 2021)
2.2.3.1 Computational Fluid Dynamics analysis
(D’Addona and Raykar, 2019) reveals the model of Finite element modeling of insert and
studying its effect by using the ANSYS simulation software. They perform the experiments
at different cooling conditions by using the software and measure the temperature drop
using the heat transfer mechanism. The temperature drop was observed in the Highpressure cooling jets from 38 to 31 degrees as compared with the Dry and Wet matching at
the pressure of 80 bar.
This study reveals the properties and behavior of Inconel in the simulation software at
different high pressures using the PVD coated carbide tool. By considering the convective
heat transfer they studied this modeling by keeping the ambient temperature at 20-degree
C and a heat transfer coefficient of 20 W/m2. The inserted model in ANSYS is shown below
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Figure 2-13 Different face angle in the dry machining rack face, flank face, nose and
temperature distribution along with the tool (D’Addona and Raykar 2019)
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Figure 2-14 Different face angle in the wet machining rack face, flank face, nose and
temperature distribution along with the tool (D’Addona and Raykar 2019)

Figure 2-15 Different face angle in the High-pressure machining at 50bar rack face, flank
face, nose and temperature distribution along the tool (D’Addona and Raykar 2019)
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Figure 2-16 Different face angle in the High-pressure machining at 80bar rack face, flank
face, nose and temperature distribution along the tool (D’Addona and Raykar 2019)

Figure 2-13 to 2-16 showing the value of temperature under the different cooling conditions
which are dry, wet, high pressure cooling at 50 and 80 bar pressure. The temperature is
observed at different faces of the cutting tool. The nose of the cutting tool in dry machining
at 186.45ºC and decreased to 179.15ºC by using the conventional wet cooling, it decreased
further by using the High-pressure cooling at 50 and 80 bars from 151ºC and 147ºC
respectively. Using the steady-state analysis in the Ansys it was observed that temperature
dropped around 38 degrees in high-pressure cooling as compared to the dry cooling at 80
bar pressure. Furthermore, the temperature drop by using the high-pressure cooling at 50
bars was 35 degrees as compared to the dry machining.
2.2.4 Minimum quantity lubricant with Nanoparticels
The nMQL technique is newly developed to mix the nanoparticle with the MQL system
and evaluate the performance of the machining parameters. (Ghosh and Rao, 2019)
explored the performance of Al2O3 nanoparticles mixed with the MQL system to machine
the nickel-based alloy. They performed experimentation on the Nimonic 90 and found that
cutting forces are reduced by 16% at the cutting speed of 80m/min.
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(Ghosh and Rao 2019) explored the performance of using the jojoba oil mixed with the
nMos2. They used the titanium alloy for machining using the nanoparticle and MQL
system. The researchers found that cutting forces, surface roughness, and tool wear were
reduced by 35 to 47%. The optimum result was found at the concentration of 0.1% of
nanoparticles with MQL.
The use of a minimum quantity of fluid in the cutting operation is the most promising factor
to reduce the impact of carbon emissions. (Ghosh and Rao, 2019) examined the surface
roughness of the Inconel 718 by using the tween 80 green cutting fluid (AgNP-GCF). They
used different concentrations of silver nanoparticles from 0.2 to 0.6% and different cutting
speeds from 100 to 200 m/min. Surface roughness was reduced by 55% using the 0.6%
(AgNP-GCF) at the cutting speed of 200m/min.
The drilling characteristics are studied under different conditions. (Pal, Singh, and Singh
2020) examined the performance of AISI stainless steel 321 with different cooling
strategies. From the experimentation, it is concluded that using the nMQL system by the
percentage of 1.5 graphenes. Surface roughness and trust forces are reduced by 33.8% and
27.4%, respectively compared with the MQL machining.
(Şirin et al. 2021) discussed the effects of the base fluid-MQL and nanofluid -MQL by
doing the milling operation on the nickel alloy. They used the X750 nickel alloy for
machining and machining by using the sialon ceramic tool. They found an improvement in
the surface roughness by 39% and 47% by using the base fluid MQL and NF-MQL. (Şirin
and Kıvak 2019) studied the X-750 at different nanofluid conditions and concentrations to
study the effect of cooling methods on the performance of machining. They used three
different nanofluids to investigate the performance which are hexagonal boron nitride,
MoS2, and graphite nanofluid. They found that hexagonal boron nitride showed the
optimum result over other nanofluids at the concentration of 0.5% by volume. Cutting
forces, surface roughness, and tool wear are reduced by 3.14%, 21.5%, and 20.85%,
respectively when compared with graphite nanofluid.
It has been discussed that nano-fluids have higher thermal conductivity when compared to
base fluids; however, selecting the nanoparticle concentration is a challenging task.
Nanoparticle agglomeration may be achieved by adding too many nanoparticles, reducing
lubrication properties, and reducing tool life. (Lee et al. 2012) pointed out that adding
nanoparticles to the base lubricants improved the tribological properties of the nanofluid;
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however, nanoparticles' tribological characteristics vary based on their shape and size.
Additionally, this study found that nanoparticles helped enhance the machining
performance of nanofluids by adding appropriate amounts to them. Many studies have been
conducted to investigate how nanoparticle concentration affects the machining capabilities
of nanofluids. (Sharma et al. 2016) found that increasing the density of nanoparticles
improved the heat conductivity and viscosity of the nanofluid. Moreover,(Sharma et al.
2017) found that a higher particle volume fraction increased the thermal conductivity of
nanofluids. The grinding tests were conducted on 45 steel with a jet of MQL nanofluid
(soybean oil plus MoS2) that contained different percentages of MoS2 nanoparticles (2, 4,
6, 8, and 10 %). As the mass fraction of nanoparticle concentration increases from 2% to
6%, it is evident that grinding forces, friction coefficient, and specific grinding energy
decrease (Zhang et al. 2015).
With nanoparticle concentrations above 6%, the forces, energy, and friction coefficients
also increased. As a result of an aggregate of nanoparticles, this increase occurred. Due to
the lack of lubrication, the nanoparticles affected the surface finish negatively. Based on
the study results, 6% mass fraction concentrations of nanoparticles resulted in the lowest
tangential grinding force, tangential grinding energy, and friction coefficient. The addition
of nanoparticles to base oil reduces the coefficient of friction in the cutting zone, leading
to a better cutting result (Alberts, Kalaitzidou, and Melkote 2009).
There have been few studies on cutting fluids' effectiveness for challenging materials. The
effectiveness of cutting fluids is measured by their ability to reduce cutting forces, tool
wear, and surface roughness. To machine difficult materials economically, it is essential to
determine the optimal sustainable coolant strategy(Kishawy et al. 2005). To reduce energy
consumption, minimize production costs, and improve the machinability of both titanium
Ti-6Al-4V alloy and ADI Grade 2 alloy, this research proposes investigating the influence
of the cutting parameters and cooling strategies. Currently, the research aims to determine
the most sustainable cooling approach for machining these metals, taking into account the
health and environmental impacts of the operator (s). Furthermore, this study aims to fill a
gap in the literature concerning optimal cutting conditions for machining these materials.
2.2.5 Cryogenic cooling
Recent advancement in the field of machining processing promotes the use of the aerospace
industry in daily life. In the aerospace industry, High-performance materials are used such
as titanium and Inconel, etc. These materials are hard to machine for specific geometries.
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In the machining of these alloys, a variety of cooling techniques are employed. On one
hand, excessive use of coolant has adverse effects on the environment, but on the other
hand, it promotes productivity. Cutting temperatures, surface roughness, tool wear, cutting
forces, power consumption, and CO2 emissions are the major parameters. So, the cryogenic
technique is one of the newly developed techniques which are discussed in this article to
remove the extra heat from the workpiece (Kaynak et al. 2014)
A combination of cryogenic and MQL techniques was used to study the effects of various
factors on machining, including cutting forces, tool wear, surface roughness, chip
morphology, and cutting temperature (Bagherzadeh and Budak 2018). In addition to this,
they used the modified nozzle to see the effect of this on the machining process. The surface
finish improvement for titanium is around 60% and for Inconel is 30%. Furthermore, the
tool life increased up to 16% by using the CMQL technique.
(Shah, Khanna, and Chetan 2020) figure out the life, surface finish, power consumption,
and chip analysis by using the three different techniques such as dry, flooded, and
Cryogenic. The liquid nitrogen and carbon dioxide results showed that the liquid nitrogen
showed the most effectiveness in the process which made the process 93% more efficient
for the drilling process. Also, the other factor is improved by using the liquid nitrogen as a
coolant and it reduces the effect of coolant on the environment.
(Venugopal, Paul, and Chattopadhyay 2007a) revealed the effectiveness of cryogenic
cooling on the cutting of the titanium alloys. They explored the tool wear under different
conditions: dry, wet, and cryogenic. They found that at a lower speed the effectiveness of
cryogenic showed enhanced results as compared to the other techniques. Cryogenic
increases the tool life by 70% at a cutting speed lower than 100m/min. at a higher cutting
speed, they found that the cryogenic technique did not work properly and the prospect of
this is inappropriate penetration of the coolant at the desired place. (Damir, Shi, and Attia
2019) trying to find the optimum way to reduce the temperature of the cutting tool without
affecting the lubrication. They used the Computational and finite element analysis tool to
optimize the cutting condition by using both minimum quantity lubricant and cryogenic.
Liquid nitrogen and MQL have been found to produce better surface finishes and tool wear
than high-pressure cooling, flooding, and dry cutting.
They compare the effectiveness of the mixture of liquid nitrogen and MQL with the flooded
cooling technique on the titanium alloy (Ti6Al4V). (Sales, Schoop, and Jawahir 2017)
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found that using the hybrid technique the generated forces at the rack side were reduced
incredibly. Also, the tool wear at the radii of the cutting tool is reduced using cryogenic
cooling.
(Ravi and Gurusamy 2020a) performed a milling operation to study the effect of the AISI
P20 steel under the cryogenic cooling condition and compare it with the flooded and dry
machining. They performed milling operations at different cutting speeds to observe the
variation but at constant feed rate and depth of cut. They found the surface finish and tool
life is increased effectively by utilizing the cryogenic technique.

Figure 2-17 SEM pictures of Worn out of cutting tool and chips a) dry b) flooded c)
cryogenic (Ravi and Gurusamy 2020b)
Recently, due to the requirement of dimensional accuracies, researchers use the machining
process for the polymers. The main requirement in this system is enhanced surface finish
and hardness of the material at the end of the process. They used polyamide 6 under the
cryogenic condition and used the flooded cooling for the sake of comparison. (Bertolini,
Ghiotti, and Bruschi 2020)found that the temperature range for the material is from -20ºC
to 20ºC which showed a better surface finish and fewer defects in the material.
The ultra-high-strength steel is used in most automotive parts for better efficiency. This
material was developed by preheating and quenching to make it harder and rigid. In this,
they explored the use of supercritical carbon dioxide (SCCO2) instead of liquid nitrogen
due to its less hazardous effect on the environment. During the machining process, SCCO2
with and without lubricant was used to compare the results with the dry cutting condition.
(Mulyana, Rahim, and Md Yahaya 2017) examined that adhesion is the most prominent
factor of the tool wear. Furthermore, the SCCO2 with lubricant lowered the temperature by
43

60% and decreased the cutting force by 55%. In comparison to dry machining, life for tools
is increased by around 150% using the SCCO2 with lubricant. They found the optimized
result is at supercritical conditions using carbon dioxide which extends the tool life
remarkably and gives sustainable production technology.
(Pereira et al. 2016) investigated the use of Cryogenic and minimum quantity lubricant and
its effect on the environment. They focus on the use of liquid nitrogen and carbon dioxide,
both showing equal effects on power consumption. However, LN2 showed fewer
environmental factors by producing benzene around 17% less than the CO2. On the other
hand, the LN2 consumption rate is far higher than the CO2 which is 43%. In addition to
this, CO2 requires a restricted environment to ensure a sustainable manufacturing process.
This study revealed the cutting of Duplex stainless steel by using the TiALN insert under
the cryogenic cooling condition. (Dhananchezian et al. 2018) analyzed the chip
morphology, cutting temperature, surface roughness, cutting forces, tool wear under the
constant feed rate, and depth of cut by varying the cutting speed and cooling condition to
analyze the effectiveness of different cooling techniques. From the analysis, it is found that
cutting temperature, forces and surface roughness improve by around 55%,35%, and 20%
respectively.
(Ranjith et al. 2019) studied the Taguchi L16 for the optimization of machining of
aluminum alloys by using the cryogenic condition. The depth of cut, spindle speed, and
feed rate were the variables studied in this research to determine material removal rate and
surface roughness. The Depth of the cut significantly reduced both parameters. The
optimized conditions from this process are 1400 RPM, 120 mm/min, 0.4mm depth of cut.
Nowadays the world is going towards the sustainability of the environment and this
machining process was performed to explore the coolant which is easy to recycle and does
not have hazardous effects. (Yildirim et al. 2020) explored the properties of nickel-based
alloy by using the MQL, cryogenic and hybrid of MQL and cryogenic sustainable
techniques. They performed experiments at different cutting speeds varying from 50 to
100m/min at a fixed feed rate and depth of cut. The most prominent improvement was
observed by using the cryoMQL technique which reduced the surface roughness by around
25% and the tool wear decreased by 80%.
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Figure 2-18 Cutting temperature, surface roughness and tool wear at different cooling
condition for Ni based alloys (Yildirim et al. 2020)
In recent studies, researchers explored the cooling method which reduces the adhesion and
does not affect the properties of the material. (Krishnamurthy et al., 2017) performed the
cryogenic and ethanol in MRF to study its effect on the material and environment. They
performed the machining on the Titanium alloy by using the uncoated carbide tool.
Cryogenic reduces the cutting temperature, forces, and surface roughness but decreases the
fracture energy of the material. Ethanol in MRF is also studied under these conditions and
it showed a 65% decrease in cutting force and adhesion of the material with the same tool.
In addition to this, by using this technique the fracture strength is not affected, and the
material removal rate increases significantly due to the OH group present in ethanol.
(Dhananchezian 2019) explored the machinability of the Hastelloy by using the TiALN
cutting tool coated by PVD multilayers. They studied the effect of liquid nitrogen on
different parameters of the cutting at constant feed rate and depth of cut but at different
cutting speeds. The performance observed under the cryogenic condition is decreased by
cutting temperature, force, and roughness by an average of 60%,15%, and 15%
respectively.
Nowadays, titanium alloys are used in most of the biomedical and aerospace industries and
these materials are hard to machine. (Venugopal, Paul, and Chattopadhyay 2007b)
evaluated the tool wear phenomena while machining the titanium alloys under the
Cryogenic condition. They performed the machining at the cutting speed of 70-100m/min
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with an uncoated carbide tool and by using the liquid nitrogen to study its impact on the
tool wear. The most optimized result for the tool wear was observed at the cutting speed of
70m/min.
Sustainability is the requirement of the 21st century. (Shah, Bhat, and Khanna 2021)
explored the machining process in terms of sustainability for the Inconel 718 by using
different cooling methods. They found that LCO2 showed better performance over the
LN2. Power consumption decreased to 19% by using LNCO2 also the drilling holes
capacity increased up to 300%. Nevertheless, LN2 is preferable due to its lowest impact on
the environment and human health based on the 17 out of 18 impact factors measured by
LCA.
They investigated the energy consumption for the milling process according to the standard
of the EN ISO 14044. They considered the cutting energy required for the process, energy
required for the pumping of water in flooded cooling, and the energy to recycle the CO2.
(Gross and Hanenkamp 2021) observed that using the CMQL technique the overall energy
consumption was reduced by 39% compared to the flooded cooling. They performed the
experimentation at different Material removal rates for different scenarios to compare the
results.
(Agrawal et al. 2021) explored the different parameters for the machining operation. Their
evaluations included tool life, surface roughness, and power consumption. Also, from the
sustainability point of view, they discussed the machining cost and carbon emission.
Experiments were performed on the Ti-6Al-4V by using cryogenic techniques and for the
sake of comparison, they used wet machining. Tool life is improved by more than 100% at
a higher cutting speed by using cryogenic machining. Similarly, the surface roughness and
power consumption were reduced to 22% and 23.4% respectively. Also, the machining cost
is reduced to 27% by utilizing cryogenic and carbon emissions are reduced up to 22%.
Due to an increase in demand for the reduction of carbon footprints (Lu and Jawahir 2015)
performed experimentation on Metric based sustainability under cryogenic conditions.
They used the process sustainability index (ProcSI) technique to study machining processes
under different conditions. They figured out that the performance of machining was more
efficient using high cutting speed. At the cutting speed of 500m/min, they found the
environment score is 7.0 for CO2 emission. (M. Kumar et al. 2020) focuses on
sustainability through the use of an analytical hierarchy process (AHP) combined with an
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order preference based on similar-to-ideal solutions (TOPSIS). They performed
experiments on it by implementing dry, liquid nitrogen, and a hybrid of MQL and liquid
nitrogen. Energy consumption and machining cost are reduced by 16% and 66%
respectively by using LN2 plus MQL. However, the total life cycle improved in the hybrid
system by up to 34% compared with dry machining.
(Aramcharoen and Chuan 2014) discussed cryogenic cooling in terms of sustainability
aspects and compared it with conventional oil-based and dry machining. (Grguraš, Kern,
and Pušavec 2019) performed a set of experiments using the cryogenic mixed with MQL
and Cryogenic at different pressures. From a sustainability point of view, they explored the
performance of tool life, chip morphology, cost assessment, and risk assessment. They
found a mixture of cryogenic and MQL showed the optimum result. The tool life increased
by more than 100% and a 44% reduction in the running cost was estimated in the hybrid
system of CryoMQL compared with the Flooded cooling.
2.2.6 Cryogenic processing
Cryogenic processing is one of the techniques for improving the properties of the
machining process. (Singh, Singh, and Kumar 2021) investigated the friction stir process
on the magnesium alloy AZ91. For the inspection of corrosion behavior, the sample was
prepared by using the deep cryogenic treatment and NaCl. Due to the utilization of DCT
mechanical properties improved due to the scattering effect and structure converted to an
orderly solid form. (A. Kumar, Kumar, and Singh 2020) tried to optimize the specific wear
rate on the AZ91D magnesium alloy. They studied the three parameters applied load,
sliding distance, and sliding speed. They figure out that 1.77 m/s, 521.12m and 44.71N are
optimized values of the sliding speed, distance, and applied load, respectively.
(Satyanarayana, Reddy, and Kumar 2021) developed a model for the demand of the fine
grain structure requirement. They used cryogenic friction stir processing on the aluminum
6061 alloys. Elongation was improved using this process due to the distribution of stress
over the zone of the bulk stir area. In addition to this, they found the fine equiaxed grain
along the stir zone which in turn increased the hardness of the material.
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Table 2-1 Findings from the MQL application literature regarding cutting conditions
Author

Cutting parameters

Workpiece material

Parhad et al.,
(2014)

Cutting speed (Vc 150, 200

Conclusion

•

ADI

•

Improved surface
roughness at the feed
rate of 0.1mm/rev (Dry
machining )

•

Ti-6-Al-4-V

•

Feed rate is the most
influential factor
MQCL performed
better over MQL

m/min)
Depth of cut 1,2 mm

Benjamin et
al. (2018)

Lubricant flow rate 350 ml/h
Feed rate 0.025, 0.05 and
0.075mm/rev
Cutting speed Vc= 90,

•

120,150 m/min
Pervaiz et al., Feed rate of 0.1, 0.2, 0.3
( 2016)
MQCL (70,80,90,100 ml/h)

•

Ti6Al4V

•
•

Pejryd et al.,
(2011)

Carbide

tool

(Vc=

40-80

m/min),
Ceramic tool (Vc= 150 – 250
m/ min)
Depth of cut = 1.25 mm,

Andriya et
al., (2012)

Cutting speed 40-140 mm/rev

•
•
•
•
•
•

Inconel 718
Waspaloy
13Cr steel
Ti6Al4V
/ Tools (H13A
and CC 670)

•

•

Ti-6Al-4V with
PVD coated tool

•

Feed rate and depth of
cut are more significant
factor on the cutting
forces and tool wear.

•

NAK 80 die steel

•

Feed rate was found to

Feed rate 0.04-0.2 mm/rev

•

Depth of cut 0.5-1.7mm

Liao et al., Vc: 150, 200 and 250 m/min

Increasing feed rate
surface roughness and
cutting forces increase
MQCL at 70ml/h
showed the most
effective result.

(2007)

(41 HRc)

No remarkable
difference in the
cutting forces Extended
tool life when
machining Ti6Al4V
using
MQCL

have major effect on the
performance

Cia et al.
(2012)

Vc= 200 m/min
Feed 0.25 mm/tooth

•

Ti6Al4V coated
by TiAlN and
PVD

•

A

difference

diffusion
observed

wear

in
was

between

2ml/h and 10ml/h, but
not more than 14ml/h.
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In Table 2-1, most research was conducted at low and moderate cutting speeds. However,
some studies were conducted with a higher cutting speed regime. Literature on magnesium
alloys is extremely rare, and the morphology of the chip is extremely rare. Furthermore,
this study aims to fill a gap in the literature concerning optimal cutting conditions for
machining these materials. Using a multi-optimization technique to optimize the
performance of the output parameters for both machinability and sustainability. The
influence of MQL-assisted machining will be investigated using chip morphology, tool
wear, and surface roughness. The last goal is to develop a vision-based system for
inspection chip morphology. Chip morphology of serrated chip includes different outcomes
parameters such as peak, pitch, valleys, chip compression ratio, chip segmentation ratio,
and effective shear angle.
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Chapter 3
Research methodology
3.1 Introduction
The methods we used in this chapter to collect data during the experimental study and the
equipment that we used to collect data are described in this chapter. The cutting
performance of high-performance alloys was studied using an MQL oil cooling strategy.
This chapter describes the experimental techniques and methods that we used in the present
study in this chapter. Also covered in this chapter are the experimental setups and the
devices employed to determine the cutting parameters and production results, together with
information regarding the materials and cutting tools used in the experiments.

3.2 Design of Experiment (DOE)
Material machining processes are governed by a number of factors. Machining processes
are governed by these operation parameters. For the cutting process to be more efficient,
control of these parameters should be investigated. For determining how the governing
parameters affect the output of machining operations, a systematic method known as design
of experiments (DOE) is used (DOUGLAS C. MONTGOMERY 2012).
Using MINITAB, a DOE test matrix was created to analyze cutting process outputs,
including machined surface roughness (Ra) and tool wear. In addition, it is a method used
to understand and find the root causes and effects of a given operation. There are several
features of the design of experiments technique:
3.2.1 Stage of planning
This phase consists of selecting activities related to the problem statement, the research
objectives, and the design of the test matrix with different levels of variables.
3.2.2 Stages of the procedure
To evaluate the effectiveness of the cutting operation, this stage involves conducting
experiments and collecting output parameters.
3.2.3 Analyses and results:
By analyzing the data from the machining experiments, the results and conclusions from
the procedure stage are plotted. Further machining tests are often required as a means of
validating and confirming the conclusion.
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3.3 Experimentation planning
Testing was done on a CNC Jyoti machine using Minimum Quantity Lubricant (MQL)
cooling strategies. During the machining process, vegetable oil-based MQL was used at
different flow rates, and dry machining was used. The steps of the DOE in the current study
were as follows:
1. Problem statement: This study examines the impact of sustainable cooling strategies
on the machinability of difficult-to-cut materials, magnesium.
2. Aims and objective: Using a multi-optimization technique to optimize the
performance of the output parameters for both machinability and sustainability. The
influence of MQL assisted machining will be investigated using chip morphology,
tool wear, and surface roughness. Development of a vision-based system to inspect
chip morphology.
3. Analyzing the effects of processing parameters: Several input cutting variables were
examined, such as cutting speed, feed rate, tool nozzle distance, and flow rate, as
well as output cutting variables such as surface roughness, tool wear, and
microhardness.
4. Choosing the machining conditions: Using this study, cutting variables for
experiments will be selected that are both suitable and recommended by the
literature.
5. Experiments are implemented as follows: A Taguchi design is used for collecting
sets of experimental data.
6. Analyzing the results Grey relational analysis is used to determine the optimal
cutting input parameters from the collected data.
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3.4 Taguchi Design of Experiment
Table 3-1 Design of Experiment
Sr. No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Cutting
Speed
(m/min)
40
40
40
40
80
80
80
80
120
120
120
120
160
160
160
160

Feed Rate
(mm/rev)

Flow Rate
mL

0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4

40
60
80
100
60
40
100
80
80
100
40
60
100
80
60
40

Nozzle
Distance
(mm)
6
9
12
15
12
15
6
9
15
12
9
6
9
6
15
12

3.4.1 Cutting tool and WorkPiece Material
A material's machinability refers to how easily it can be machined. There are various
indices that can be assessed to determine the quality of the surface, the tool life, and chip
morphology. A large number of experimental tests are required to evaluate machinability
due to the number of possible cutting process variables and their range. Taguchi design is
used to determine the minimum number of experiments. All materials should be evaluated
according to their properties before machining. These trials were conducted on magnesium
alloy AZ31B, a difficult-to-cut material used in this research.
3.4.1.1 Magnesium alloy AZ31B
Table 3-2 shows the chemical composition (in weight%) and Table 3-3 shows the
mechanical properties of AZ31B. Magnesium alloys are known for their mechanical
properties, which are attributed to high strength-to-weight ratios because of magnesium
content. The plastic deformation is done to obtain a more refined grain structure during the
extrusion process for higher strength.
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Table 3-2 Chemical composition of AZ31B by weight percentage

Table 3-3 ASTM B90/B90M-07 Mechanical properties of AZ31B

3.4.1.2 Cutting tool insert
The machining tests with magnesium alloy were performed using carbide inserts coated
with a PVD coating. A PRAMET recommendation was followed when choosing the inserts
(Tnma n.d.). Details of the cutting inserts are provided in the following sections.
A Carbide Coated TNMG 160408E-FM: T8330 (ISO)
Cutting inserts are designed based on Chipbreaker manufacturer designations (CBMD) and
have a radius of 0.8mm. The insert consists of fine-grained WC-Co carbide coated with
PVD within the ISO ranges P25-P40 and M20-M35. For applications requiring a stronger
edge line, this material has a roughing geometry (Tnma n.d.).
Table 3-4 Specifications of Cutting insert
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Figure 3-1 TNMG 160408E-FM:T8330 (ISO) cutting tool insert (Tnma n.d.)

3.3 Experimental setup
A Jyoti NVU-DX135 CNC-lathe machine, depicted in Figure, was used for all machining
tests. Experimental errors were minimized by repeating experiments two times. Monitoring
the surface roughness produced during the machining tests was done using a Mitutoyo
SJ210. The cutting tool wear on the flank face was measured by a Swift Trinocular
Compound Microscope SW350T. In order to analyze the comparative chip formation, a
high-resolution Swift Trinocular Compound Microscope SW350T was used. A Vickers
hardness test is used to determine the hardness of machined disks under various cutting
conditions. As an external cooling delivery system, the stand-alone unist system supplied
the MQL system with a mixture of air and oil. Fluid flow rates ranged between 40 ml/h and
100 ml/h, and air pressure was 0.2 MPa. As the cutting fluid, ECULUBRIC E200L
vegetable oil was used. Rapeseed oil is environmentally harmless and suitable for industrial
purposes, as well as being 90% biodegradable in 28 days. In order to get the best results,
the cutting insert was angled at a 45 ͦ angle and at different distances from the nozzle.
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Figure 3-2 CNC- Lathe Machine NVU-DX135 Jyoti
This study examined different experimental setups for examining machining characteristics
during the machining of magnesium alloy.

Figure 3-3 Experimental setup

Table 3-5 Description of the CNC DX 135 machine
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Figure 3-4 Experimental setup for machining magnesium alloy under various cooling
strategies
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In this study, ECULUBRIC E200L vegetable oil was used as a base fluid in the MQL
system. The vegetable oil is mainly based on rapeseed oil, and it is made in Sweden by
ACCU-Svenska AB.
Table 3-6 Vegetable oil specifications for the MQL system

3.4 Machine Variables Measurement
We discuss here the equipment used to make detailed measurements of the machining
variables.
3.4.1 Tool wear, Chip morpholgy and Tool wear Mechanism
Cutting tool flank wear is the result of friction between the tool face and the machined
surface. As illustrated in Figure 3-5, the study used a swift microscope to measure and
investigate tool flank wear.
Figure 3-5 also provides a standard measurement of tool flank wear (VBmax) during the
machining tests. The Swift microscope SW350T is described in Table 3-7.
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Figure 3-5 Swift microscope SWT350T and standard way to measure maximum wear on
tool flanks (VB max) (Jozić, Lela, and Bajić 2014)

Table 3-7 Specification of Swift Microscope SW350T

Following each machining test, each cutting insert edge was marked with its test number a
few millimeters from the cutting edge and then placed in a small bag. On each bag, labels
indicated the cutting parameters, such as feed rate, cutting speed, depth of cut, cooling
strategy, flow rate, test number, and distance between the nozzle and the tool.
3.4.2 Surface Roughness Ra
The surface roughness of the machined surface was measured using a Mitutoyo Surface
Roughness Tester SJ210. To decrease the experimental error, we measured surface
roughness three times for each of the machining trials. The average of these measurements
was taken. The Mitutoyo surface roughness tester used in the machining experiments with
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Magnesium alloy can be seen in figure 3-6. Its technical specifications are described in
table 3-8.

Figure 3-6 Mitutoyo Surface roughness tester SJ210
Table 3-8 Mitutoyo SJ 210 Surface roughness tester specifications (Mitutoyo n.d.)

3.4.3 Microhardness tester
The Vicker hardness tester HVM-10 is used to measure microhardness. Each set of
experiments is followed by removing the disks from the workpiece and storing them in a
sealed bag with the sample's markings. Microhardness is measured at various points on the
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disk, from the edge to 500µm. The Microhardness tester is shown in figure 3-7.Table 3-9
provides the specifications for the microhardness tester.

Figure 3-7 Microhardness tester HVM-10
Table 3-9 Specification of Microhardness tester
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Figure 3-8 Thesis methodologies
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Chapter 4
Result and discussion
In this chapter, the results of research on machining AZ31B magnesium alloy are presented.
In chapter 4, most of these results are presented.

4.1 An investigation of the effects of different MQL coolant flow rates on
tool life and surface roughness in magnesium alloy machining
The biocompatibility and mechanical properties of magnesium alloys make them an
interesting class of materials for research. The mechanical properties of magnesium alloys,
such as their strength to weight ratio, are causing a growing interest in their use in several
applications. As with difficult-to-cut materials, AZ31B has a low machinability rating, and
further research is needed to determine how cutting parameters affect machinability. The
machinability of a material is not only determined by its properties and microstructure, but
also by the variables that are selected and controlled during its manufacture. The objective
of this section is to investigate how cutting process parameters affect the quality of the
finished surface and tool life of AZ31B. In addition, it examines the effects of different
coolant strategies. The aim of this study is to investigate whether cutting parameters and
cooling strategies affect how effectively and efficiently AZ31B can be machined with
respect to tool life and cycle time. In order to analyze and model the measured responses,
Minitab and Grey relational analyses are used. Furthermore, the wear mechanisms of
cutting tools are identified and discussed.
The test material was AZ31B, and the cutting tool (TNMG160408-FMT8330) had a nose
radius of 0.8 mm and was used to cut the alloy. In this study, four different flow rates of
MQL were used, 40,60,80, and 100ml/h. Depending on the literature, the distance of the
nozzle from the cutting tool is selected (Amiril, Rahim, and Hishamudin 2019).
In the turning experiments, a depth of cut (DOC) of 1.5mm and a length of cut of 3mm
were used until tool wear reached 3mm, while different levels of cutting speed and feeds
were used as shown in Table 4-1. According to the range of parameters recommended by
the insert manufacturer, the 16 cutting experiments were conducted using the Taguchi
orthogonal array technique. Figure 4-1 illustrates the experimental setup.
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Table 4-1 Factors and levels of the experimentation process
Levels

1
2
3
4

Cutting process parameters
Cutting
speed
(m/min)
40
80
120
160

Feed rate
(mm/rev)
0.1
0.2
0.3
0.4

Flow
rate
ml/h
40
60
80
100

Nozzle
distance
(mm)
6
9
12
15

Figure 4-1 Schematic of experimental setup
4.1.2 Results and Discussion
This section discusses the findings of this study. As a tool life criterion, flank tool wear of
(VB = 0.3mm) was used. Table 4-2 shows the results for tool life and surface roughness.
To determine the influence of input parameters on all measured responses, the test matrix
was developed.
4.1.2.1 Surface roughness and tool life
In table 4-2, the most efficient performance in terms of tool life was obtained by using a
flow rate of 40 milliliters per hour, a feed rate of 0.2 millimeters per revolution, and a nozzle
distance of 15 millimeters. Comparing experiment no five with other cutting conditions, an
improvement in tool life has been observed. In the experiments, tool wear was determined
by measuring the 3mm cutting steps until it reached 0.3mm of tool wear. In a dry
environment, a cutting speed of 40 m/min and a feed rate of 0.1 mm/rev were used to
remove 24mm of material. Even at higher cutting speeds and feed rates, the MQL system
was able to increase material removal by 20%.
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Table 4-2 Taguchi L16 experimental data
Sr. No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Cutting
Speed
(m/min)
40
40
40
40
80
80
80
80
120
120
120
120
160
160
160
160

Feed Rate
(mm/rev)
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4

Flow
Rate
ml/h
40
60
80
100
60
40
100
80
80
100
40
60
100
80
60
40

Figure 4-2 Tool wear at different cutting conditions
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Nozzle
Distance
(mm)
6
9
12
15
12
15
6
9
15
12
9
6
9
6
15
12

Tool life
Surface
(mm)
Roughness
(µm)
30
0.49
15
0.576
18
0.64
18
0.75
30
0.45
21
0.54
18
0.67
15
0.72
24
0.87
21
0.51
21
0.68
18
1.05
27
0.52
24
0.56
18
0.70
12
0.81

Figure 4-3 Surface roughness at different cutting condition
As illustrated in Figures 4-2 and 4-3, elevating the feed rate reduces the tool life while
increasing surface roughness. The MQL demonstrated the most desirable performance
when cooled at a flow rate of 60 ml/h. As the cooling rate increased over 60ml/h, the surface
roughness did not reduce significantly. The MQL 5th experiment resulted in a minimum
surface roughness at a cutting rate of 80 m/min and a cooling rate of 60 ml/h. In addition,
increasing the feed rate increases surface roughness, similar to findings in the literature
(Pervaiz et al., 2016). To compare MQL performance with dry machining, one experiment
was conducted. MQL improves surface roughness, as evidenced by experiments
(Bhowmick S. and Alpas 2011). Using a 40m/min cutting speed and a 0.1mm/rev feed
rate, the surface roughness was measured to be 0.633 m in the dry condition. MQL reduced
surface roughness to 0.49 µm at the same cutting condition. MQL resulted in an
improvement of 20% in surface roughness compared to dry machining.
4.1.2.2 Flank wear
To determine flank wear, measure the distance from the tool edge to an abraded area on the
flank face. The standard ISO 3685 was used for measuring tool wear (ISO 3685:199 1993).
As shown in the figure below, flank wear was computed based on the average value of data
collected along the abraded area on the flank side. As mentioned above, take an average
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calculation from the flank wear, and then according to the calibration scale in the figure,
this value is then converted to the actual flank wear.

Figure 4-4 Calibration and measurement of the Tool wear
Table 4-3 Flank wear cutting speed of 40m/min and varying other parameters
Tool wear (mm)
Length (mm)

Dry

MQL 1

MQL 2

MQL 3

MQL 4

0

0

0

0

0

0

3

0.12

0.097

0.14

0.15

0.16

6

0.16

0.13

0.17

0.18

0.18

9

0.18

0.15

0.19

0.2

0.21

12

0.19

0.16

0.26

0.21

0.22

15

0.2

0.175

0.32

0.27

0.2625

18

0.21

0.19

0.3

0.307

21

0.25

0.22

24

0.31

0.25

27

0.28

30

0.305
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Figure 4-5 shows data of the flank wear at a cutting speed of 40m/min at different feed
rates, flow rates and distance from the nozzle. However, all the experiments were
performed under a constant depth of cut of 1.5mm.The figure showed that machining length
increased in the MQL system compared to the dry machining. It shows an improvement in
tool life of 20% under similar conditions. In addition, the graph shows that increasing feed
rate decreases tool life. A further distance from the nozzle and a higher flow rate from a
certain level did not improve tool life. Increasing feed rate decreases tool life, according to
the literature (Abas et al. 2020). MQL's performance is also superior to dry machining,
according to different studies (Meena and El Mansori 2011) (Bhowmick and Alpas 2011).

Figure 4-5 Flank wear graph at a cutting speed of 40m/min under MQL and Dry
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Table 4-4 Flank wear cutting speed of 80m/min and varying other parameters
Length (mm)

Tool wear (mm)
MQL 6
MQL 7
0
0
0.13
0.165
0.16
0.209
0.18
0.22
0.19
0.23
0.22
0.28
0.25
0.31
0.3

MQL 5
MQL 8
0
0
0
3
0.12
0.165
6
0.15
0.19
9
0.18
0.21
12
0.19
0.25
15
0.205
0.3
18
0.214
21
0.23
24
0.24
27
0.26
30
0.3
Figure 4-6 shows tool wear at higher speeds at different feed rates, flow rates, and nozzle
distances from the tool. The machining of magnesium alloys was done at various feed rates
0.1, 0.2, 0.3, and 0.4. Furthermore, the flow rates ranged from 40 to 100 by 20 ml/h step,
and the nozzle distance was 6 to 15 mm by 3 mm. Based on the figure below, it is evident
that a flow rate of 60ml/h, a nozzle distance of 12mm, and a feed rate of 0.1mm/rev showed
the best results compared to all the other tests. According to the literature, increasing the
flow rate does not increase the performance of the machining process (Pervaiz et al. 2016).
After the specific flow rate has been reached, increasing flow rates will not increase tool
life. In a similar fashion, we observed in the experiments that after 60ml/hr flow rate the
tool life did not improve. In addition to this, increased cutting speed and feed rate leads to
increased tool wear, as shown by literature (Abas et al. 2020) and by experimentation.

Figure 4-6 Flank wear Graph at a cutting speed of 80m/min under MQL
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Table 4-5 Flank wear cutting speed of 120m/min and varying other parameters
Length (mm)
MQL 9
0
3
6
9
12
15
18
21
24
27

0
0.15
0.17
0.18
0.19
0.23
0.26
0.29
0.31

Tool wear (mm)
MQL 10
MQL 11
0
0.16
0.19
0.21
0.26
0.3

0
0.16
0.19
0.21
0.26
0.3

MQL 12
0
0.17
0.185
0.2
0.22
0.26

30

When cutting speeds and feed rates are increased, tool life decreases as documented in the
literature (Abas et al. 2020). Figures 4-7 illustrate the tool wear according to feed rates,
flow rates, and nozzle distance from the tool at various machining lengths. The figure
below shows that at 100ml/h, tool life is no more improved than at 40 and 60ml/h.
Maximum tool life was observed when the cutting speed was 120m/min and the flow rate
was 80ml/h, and the feed rate and nozzle distance were 0.1 and 15, respectively. During
the experiment, it became apparent that increasing the feed rate increased tool wear since
roughing at a fast speed caused more wear than at a slower speed. Furthermore, the cutting
speed also affects the tool wear to some extent. However, at very high speeds, cutting speed
does not affect tool wear anymore because tool inset contact with the material is less which
reduces tool wear.
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Figure 4-7 Flank wear graph at a cutting speed of 120m/min under MQL
Table 4-6 Flank wear cutting speed of 160m/min and varying other parameters
Length (mm)
MQL 13
0
3
6
9
12
15
18
21
24
27
30

0
0.15
0.17
0.18
0.19
0.2
0.21
0.225
0.27
0.3

Tool wear (mm)
MQL 14
MQL 15
0
0.145
0.16
0.17
0.19
0.21
0.23
0.26
0.3

0
0.14
0.17
0.19
0.21
0.25
0.3

MQL 16
0
0.18
0.2
0.24
0.3
0

Figure 4-8 shows the tool wear at a cutting speed of 160m/min and other factors at various
levels as described in Table 4-2. Compared to a 120m/min cutting speed, a 160m/min
cutting speed increases tool life. Since the tool is in contact for a short period, the tool wear
is decreased. It's clear from the figure that using a flow rate of more than 80ml/h does not
significantly affect the tool wear. Similar findings have been reported (Pervaiz et al. 2016).
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Figure 4-8 Flank wear data at a cutting speed of 160m/min under MQL

Figure 4-9 Tool wear at different cutting speed, feed rate, coolant flow rate and nozzle
distance from the tool
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Figure 4-10 Tool wear behaviour at differnet cutting conditions
4.1.2.3 Microhardness
To measure microhardness, disks are removed from the workpiece and preserved in a bag
after each set of experiments. A Vickers hardness tester with a 300g load and a dwell time
of 10 seconds was used to determine microhardness. Microhardness is determined in 100micrometer steps from 100 micrometers to 600 micrometers. The microhardness is
measured parallel to the feed rate surface. A picture of the microhardness tester and indent
is shown below.
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Figure 4-11 Hardness tester HVM-10 and indent on the material

Figure 4-12 A representation of the microhardness testing points
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Table 4-7 Microhardness values at the cutting speed of 40m/min
Length (µm)
Dry
0
100
200
300
400
500

2781.6
2030.6
1758.2
1611.5
1539.6
1443.9

Hardness (Hv) at 0.3kg
MQL 1
MQL 2
MQL 3

MQL 4

3157.3
2459
2069.5
1980.1
1856.3
1767.6

4374.3
3143.1
2956.9
2720.5
2547.8
2406.9

3310.2
2726.1
2483.1
2248.4
2147.9
2042.1

4034.4
3019.8
2847.3
2587.5
2436.8
2218.5

In Figure 4-13, the microhardness of the machine surface is shown under dry and MQL
conditions. For the measurements, the remaining disk was removed from the workpiece for
the different measurements. Feed rates varied from 0.1 to 0.4 and flow rates varied from
40-100 ml/h in these experiments. Moreover, the nozzle was between 6 and 15 mm apart
from the tool. As noted in the literature (Rachmat et al. 2019), microhardness increased
with the MQL setup compared to dry machining. Experimental results support this
conclusion. Microhardness was most significantly affected by increasing the feed rate.
Strain hardening occurs near the surface of the material during machining, which increases
its hardness. This strain hardening resulted in a higher value of microhardness near the
surface, which then decreased as shown in the literature (Khan et al. 2017) (Khan et al.
2018). Comparatively, to dry machining, the hardness value increased from 2781.6 to
3157.3HV when cutting at 40m/min. As the feed rate increased, it reached a maximum of
4374.3. Microhardness under similar conditions improved by 11.6% using the MQL
system.
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Figure 4-13 Microhardness of Machined surface at cutting speed of 40m/min
Table 4-8 Microhardness values at the cutting speed of 80m/min

Length (µm)
0
100
200
300
400
500

MQL 5
4093.3
3002.8
2407.3
2324.2
2240.1
2188.3

Hardness (Hv) at 0.3kg
MQL 6
MQL 7
4582.3
4958.3
3289.1
3742
2692.9
3009.6
2523.9
2758.9
2354.9
2618.4
2297.6
2462.7

MQL 8
5184.5
4223.5
3494.3
3070.7
2909.1
2719.7

Table 4-8 shows the microhardness values measured at a cutting speed of 80m/min between
MQL 5 and MQL 8. Feed rate appears to be the most significant factor here. Increasing the
cutting speed also increases the hardness of the material. The experiment was conducted
with a dwell time of 10 seconds and a load of 300 grams. The objective magnification used
in this experiment was 40x. According to literature, MQL also increases the hardness of
materials (Rachmat et al. 2019). Due to the strain hardening of the material, there is a higher
value of hardness near the surface. A higher feed rate increases the temperature and
mechanical load at the surface, which causes strain hardening (Bordin, Bruschi, and Ghiotti
2014).
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Figure 4-14 Microhardness of Machined surface at cutting speed of 80m/min
Cutting speed and feed rate are the factors that have the greatest influence on hardness. The
MQL and nozzle distance have an impact on the hardness value, as well. According to the
literature (Khan et al. 2017) (Khan et al. 2018), increasing the feed rate increased the
hardness value due to strain hardening. The hardness of the cutting edge increased from
4568.4 to 5506.8 due to an increase in feed rate from 0.1 to 0.4.
Table 4-9 Microhardness values at the cutting speed of 120m/min

Length (µm)
0
100
200
300
400
500

MQL 9
4568.4
3369.1
2929.7
2557.9
2387.4
2268.9

Hardness (Hv) at 0.3kg
MQL 10
MQL 11
4942.1
5246.1
3562.7
3744.5
3140.1
3243.3
2641.2
2703.2
2497.3
2594.3
2315.4
2425.9
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MQL 12
5506.8
3849.7
3341.05
2802.5
2620.4
2539.2

Figure 4-15 Microhardness of Machined surface at cutting speed of 120m/min
When the cutting speed is 160 m/min and the feed rate is 0.4 mm/rev, the maximum
hardness is observed. It occurs because temperatures increase near the surface, causing
strain hardening (Bordin et al. 2014). In the experiment, the maximum Hardness value was
5932.3HV at 0.3kg.
Table 4-10 Microhardness values at the cutting speed of 160m/min

Length (µm)
0
100
200
300
400
500

MQL 13
4624.3
3409.5
3095.8
2621.1
2537.8
2396.7

Hardness (Hv) at 0.3kg
MQL 14
MQL 15
5202.1
5536.4
3597.9
3641
3270.9
3320.8
2850.4
2984.4
2743.8
2875.1
2517
2713.3

77

MQL 16
5932.3
3830.9
3562.8
3156.8
3071.4
2866.15

Figure 4-16 Microhardness of Machined surface at cutting speed of 160m/min
4.1.2.4 Contact length
Tool chip contact length is one of the most significant factors for assessing machining
parameters. In the literature (Banerjee and Sharma 2019), it is found that tool contact length
also influences tool wear, cutting forces, and cutting power. The following are images taken
under different conditions of cutting parameters for contact length.

Figure 4-17 Tool chip contact interface at different cutting conditions
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The figure below shows how the tool chip contact length has been calibrated. Contact
length is determined by measuring averages at three different points.

Figure 4-18 Calibration of the tool chip contact length
Table 4-11 Tool chip contact length for different cutting parameters
Sr. No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Cutting
Speed
(m/min)
40
40
40
40
80
80
80
80
120
120
120
120
160
160
160
160

Feed Rate
(mm/rev)

Flow
Rate
ml/h
40
60
80
100
60
40
100
80
80
100
40
60
100
80
60
40

0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4

Nozzle
Distance
(mm)
6
9
12
15
12
15
6
9
15
12
9
6
9
6
15
12

Tool contact
length
(mm)
1.34
1.66
1.73
1.74
1.29
1.57
1.53
1.63
1.04
1.30
1.29
1.48
1.37
1.45
1.52
1.58

The length of the tool chip contact is one of the major factors affecting the performance of
the cutting process. In this experiment, 16 different cutting conditions were tested, and then
the tool chip contact length was measured. Figure 4-19 shows that the tool chip contact
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length is minimum in MQL 5. The MQL 5 was run at 80 m/min, feed rate of 0.1, and flow
rate of 60 ml/h. Also, the nozzle was 12mm away from the cutting tool. Increased feed rate
results in increased tool chip contact, as shown in the figure below. The length of the tool
chip contact reduces as the cutting tool and chip are in less contact at higher speeds.
Furthermore, the chip breaking was quick compared to lower cutting speeds. Similar
findings have been found in the literature (Tasdelen, Thordenberg, and Olofsson 2008).
According to the observed data, the feed rate was more significant than any other factor
affecting tool chip contact. The tool chip contact indicates that MQL plays a significant
role in tool chip contact length. Cutting at 40m/min and a 0.1 mm/rev feed rate resulted in
tool chip contact at 1.72 mm/rev under dry cutting conditions. It reduces to 1.34 mm under
the MQL condition, which reduces the tool wear and tool chip contact length. When using
the MQL at the same cutting conditions, the contact length improved by 22%.

Figure 4-19 Effects of different experimentations on tool chip contact length
4.1.2.5 Chip Morphology
The morphology of the chip is a significant determinant of cutting parameters. Chip
morphology consists of several parameters that influence cutting performance. These
include peak, valley, and pitch. Several other factors, such as chip segmentation ratio,
segmentation frequency, and chip compression ratio, can be sure cutting performance. The
values of different parameters at different cutting conditions are shown in Table 4-12. Each
value is measured at three different points, then an average is calculated. Figure 4-20
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illustrates how the measurements have been taken. In the table below, it can be seen that
changing the feed rate and cutting speed influence the chip morphology. Furthermore,
MQL also effectively reduces morphological parameters that affect the cutting process.
Cutting speed of 80 m/min and MQL of 60 ml/h at the feed rate of 0.1m/rev were
determined to be the most effective parameters concerning chip morphology. This is based
on the collected data. In the literature, similar findings have been reported (Singh et al.
2019). The cutting speed increases the peaks, valleys, and pitches involved in the chip
morphology.
Table 4-12 Chip morphology parameters at different cutting conditions
Sr. No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Cutting
Speed
(m/min)

Feed Rate
(mm/rev)

Flow
Rate
ml/h

Nozzle
Distance
(mm)

40
40
40
40
80
80
80
80
120
120
120
120
160
160
160
160

0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4

40
60
80
100
60
40
100
80
80
100
40
60
100
80
60
40

6
9
12
15
12
15
6
9
15
12
9
6
9
6
15
12

81

Chip morphology
Peak
µm
86.122
98.167
105.837
114.97
96.476
115.637
120.914
127.768
95.125
119.132
127.507
131.609
89.273
121.91
133.31
147.132

Valley
µm
37.627
43.829
45.858
47.677
33.601
52.382
56.391
59.556
47.677
61.219
66.915
71.044
65.113
73.117
78.299
80.892

Pitch
µm
71.202
78.063
81.217
86.438
68.116
84.468
98.040
103.835
86.438
93.493
97.744
100.669
88.358
91.780
97.914
108.892

Figure 4-20 Calibration of chip morphology parameters

Figure 4-21 Chips morphology under different cutting conditions
Figure 4-21 Chip morphology of chips generated under different cutting conditions. A
plastic deformation produced a shear band on the chips. The cracks appear at the interface
between the tool chip and the primary shear zone. Shear cracks and shear bands are clearly
visible in the above figure, caused when the cutting speed and feed rate were increased
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under cooling conditions. Similar findings have been reported in the literature (Li et al.
2017).
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Chapter 5
Grey relational analysis
During the chip tool's interaction with the chip, friction, and temperature are measured at
the rake surface of the tool and at the chip's interface with the tool. Chip formation is also
influenced by the chip compression ratio and shear angle (M.P. Groover 2007). A number
of factors affect these responses, including cutting speed, feed rate, and depth of cut. A
cooling and lubrication agent, like those found in MQL, also affects the interaction between
the chip and the tool (Bashir, Mia, and Dhar 2018). Our aim is to transform this
phenomenon into a smooth machining process. This can be accomplished by minimizing
the friction coefficient and chip compression ratio while maximizing the shear angle in this
system.
The chip compression ratio (Kh) measures the difference in thickness between the thickness
of the chips after turning and before turning. It also indicates the flow of chips over the tool
surface. In essence, Kh is the ratio between chip thickness and cut thickness or feed rate
during turning as shown in the equation below.
𝐾ℎ =

𝐶ℎ𝑖𝑝 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (ℎ𝑐)
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑐𝑢𝑡 𝑜𝑟 𝑓𝑒𝑒𝑑 𝑟𝑎𝑡𝑒 (𝑓)

Here f represents the feed rate for cutting, and chip thickness hc represents the chip
thickness computed based on the peak values of the chip formation.
Plastic deformation forms the chip in the cutting plane, and the cutting parameters and
cutting environment determine the shear angle. Hence, the shear angle (β) reported in the
following formula is the effective shear angle 𝛽𝑒𝑓𝑓 , which can be found by using the
Equation below.
𝑐𝑜𝑠𝛾
)
𝛽𝑒𝑓𝑓 = (
𝐾ℎ − 𝑆𝑖𝑛𝛾
Here 𝑔𝑎𝑚𝑚𝑎 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠 the rack angle and its 0 degrees in orthogonal cutting.
When the chip has formed, it slides over the tool rake surface, where it experiences friction.
Cutting tool temperatures are believed to arise primarily due to friction (Mia, Khan, and
Dhar 2017). At the chip-tool interface, we calculate friction using the coefficient of friction
(𝜇), which is derived by dividing the frictional force by the normal force. It can also be
calculated using the Equation below (M.P. Groover 2007).
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𝜋
𝜇 =𝑡𝑎𝑛 𝑡𝑎𝑛 ( − 𝛽𝑒𝑓𝑓 + 𝛾)
4
Table 5-1 presents the measured values of, and βeff as well as the computed values of
coefficient of friction µ.
Table 5-1 Design of Experiment
Sr.
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Cutting
Speed
(m/min)
40
40
40
40
80
80
80
80
120
120
120
120
160
160
160
160

Input Variables
Feed Rate Flow
(mm/rev) Rate
ml/h
0.1
40
0.2
60
0.3
80
0.4
100
0.1
60
0.2
40
0.3
100
0.4
80
0.1
80
0.2
100
0.3
40
0.4
60
0.1
100
0.2
80
0.3
60
0.4
40

Nozzle
Distance
(mm)
6
9
12
15
12
15
6
9
15
12
9
6
9
6
15
12

Computed and measured responses
Compression
Effective
Coefficient
ratio
shear angle
of friction
Kh
𝛽𝑒𝑓𝑓
𝜇
1.161
0.710
0.074
2.037
0.456
0.341
2.834
0.339
0.478
3.479
0.279
0.553
1.036
0.767
0.017
1.729
0.524
0.267
2.48
0.383
0.425
3.130
0.309
0.515
1.051
0.760
0.024
1.679
0.537
0.253
2.353
0.401
0.403
3.039
0.317
0.504
1.12
0.73
0.056
1.640
0.547
0.242
2.250
0.418
0.384
2.719
0.352
0.461

Surface
Roughness
Ra
0.49
0.576
0.64
0.75
0.45
0.54
0.67
0.72
0.87
0.51
0.68
1.05
0.52
0.56
0.7
0.81

5.1 Optimization Problem
This study's optimization problem can be described as follows:
Minimize kh, µ, Ra
And Maximize βeff
Subjected to:

40 ≤ Cutting speed ≤ 160
0.2 ≤ Feed rate ≤ 0.4
40 ≤ MQL flow rate ≤ 100
6 ≤ Distance of nozzle from the tool ≤ 15

5.2 Multi-objective Grey-Taguchi optimization method
Mono-objective optimization of responses can sometimes produce contradictory results.
Therefore, any system with multiple responses should use multi-objective optimization in
order to optimize the overall system rather than anyone response.
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In order to solve problems with semi-known information, (Ju-Long 1982) developed a grey
system. By analyzing different quality characteristics based on different input parameters,
he developed a system that analyses multiple quality characteristics. The objective of this
technique is to optimize these multiple responses in order to determine the optimal levels
of input factors. In addition, Gray relational analysis is useful when faced with non-linear
and complex problems with limited information. We optimize our study by taking into
account non-linearity. There is non-linearity due to the different parameters used to
calculate the performance parameters, such as chip compression ratio, coefficient of
friction, and effective shear angle. Optimization problems can be classified into two
categories: maximization or minimization to achieve goals. In order to solve those
problems, the following steps are taken:

Figure 5-2 Processing steps in Grey relational Analysis
5.1.1 Data preprocessing in Minitab for S/N ratios
The data analysis began after the different response parameters were calculated. These
parameters are used by MINITAB to calculate the S/N ratio for these responses. As the set
of experiments for improving cutting parameters was performed, a number of options were
examined in finding an S/N ratio - nominal, small, and larger is better. In determining S/N
values for response parameters, larger is better, and smaller is better used.
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The table below shows all the performance responses for Taguchi L6 orthogonal arraybased designs. Table 5-1 presents several responses, including the shear angle, compression
ratio, surface roughness, and coefficient of friction.
Table 5-2 S/N ratios of Responses
Sr.
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Cutting
Speed
(m/min)
40
40
40
40
80
80
80
80
120
120
120
120
160
160
160
160

Input Variables
Feed Rate Flow
(mm/rev) Rate
ml/h
0.1
40
0.2
60
0.3
80
0.4
100
0.1
60
0.2
40
0.3
100
0.4
80
0.1
80
0.2
100
0.3
40
0.4
60
0.1
100
0.2
80
0.3
60
0.4
40

Nozzle
Distance
(mm)
6
9
12
15
12
15
6
9
15
12
9
6
9
6
15
12

Computed S/N ratios
Compression
Effective
Coefficient
ratio
shear angle
of friction
Kh
𝛽𝑒𝑓𝑓
𝜇
-1.297
2.975
22.615
-6.180
6.821
9.345
-9.048
9.396
6.411
-10.829
11.088
5.145
-0.307
2.304
35.391
-4.756
5.613
11.470
-7.889
8.336
7.432
-9.911
10.201
5.764
-0.432
2.384
32.396
-4.501
5.401
11.938
-7.432
7.937
7.894
-9.655
9.979
5.951
-0.984
2.734
25.036
-4.297
5.240
12.324
-7.044
7.576
8.313
-8.688
9.069
6.726

Surface
Roughness
Ra
6.196
4.792
3.876
2.499
6.936
5.352
3.479
2.853
1.210
5.849
3.350
-0.424
5.680
5.036
3.098
1.830

5.2.2 Processing of data (Normalization)
In this step, the available data of the different responses are converted to a uniform scale
ranging from 0 to 1(Gok 2015). There is no standard scale for each response, as each one
has its own scale. The friction coefficients in this study were expressed as decimals, while
the chip compression ratios were expressed in tenths. The conversion was based on two
opposing motives: 'the-larger-the-better' and 'the-smaller-the-better'. As a first step, the
effective shear angle was considered, whereas other responses were taken into account with
the second principle.
Chip compression ratio, friction coefficient, and surface roughness are normalized, and the
Function is minimized according to the following formula (Mia et al. 2017).
𝑦𝑖 (𝑘) =

𝑚𝑎𝑥𝑥𝑖 (𝑘) − 𝑥𝑖 (𝑘)
𝑚𝑎𝑥𝑥𝑖 (𝑘) − 𝑚𝑖𝑛𝑥𝑖 (𝑘)

An experimental run of Kh, , Ra, and βeff before preprocessing is denoted by xi(k); an
experimental run of Kh, , Ra, and βeff is denoted by yi(k); the maximum value of the
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original data is denoted by max xi (k); and the minimum value of the original data is
denoted by min xi (k).
In contrast, the effective Shear angle (βeff) is normalized with the Equation below in order
to maximize it (Sarikaya and Güllü 2015).
𝑦𝑖 (𝑘) =

𝑥𝑖 (𝑘) − 𝑚𝑖𝑛𝑥𝑖 (𝑘)
𝑚𝑎𝑥𝑥𝑖 (𝑘) − 𝑚𝑖𝑛𝑥𝑖 (𝑘)

The response effective shear angle is represented by k.
Table 5-3 Normalized responses
Sr.
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Cutting
Speed
(m/min)
40
40
40
40
80
80
80
80
120
120
120
120
160
160
160
160

Input Variables
Feed Rate Flow
(mm/rev) Rate
ml/h
0.1
40
0.2
60
0.3
80
0.4
100
0.1
60
0.2
40
0.3
100
0.4
80
0.1
80
0.2
100
0.3
40
0.4
60
0.1
100
0.2
80
0.3
60
0.4
40

Nozzle
Distance
(mm)
6
9
12
15
12
15
6
9
15
12
9
6
9
6
15
12

Computed Normalized Values
Compression
Effective
Coefficient
ratio
shear angle
of friction
Kh
𝛽𝑒𝑓𝑓
𝜇
0.666
0.883
0.894
0.414
0.363
0.396
0.185
0.123
0.140
0.000
0.000
0.000
0.702
1.000
1.000
0.503
0.502
0.534
0.287
0.213
0.239
0.100
0.061
0.071
0.698
0.986
0.987
0.517
0.529
0.560
0.324
0.250
0.280
0.126
0.078
0.091
0.678
0.924
0.927
0.529
0.549
0.580
0.353
0.285
0.315
0.218
0.150
0.172

Surface
Roughness
Ra
0.933
0.790
0.683
0.500
1.000
0.850
0.633
0.550
0.300
0.900
0.617
0.000
0.883
0.817
0.583
0.400

5.2.3 Defining the Reference Sequence
After normalizing the responses, the next step is to calculate deviations from the reference
sequence. Below is the formula used to determine the deviation sequence. The deviation
sequence calculated for this study is shown in the table.
∆𝑜𝑖 (𝑘) = 𝑥𝑜 (𝑘) − 𝑥𝑖 (𝑘)
Here the deviation is represented by ∆𝑜𝑖 (𝑘), the reference by 𝑥𝑜 (𝑘), and the comparison
by 𝑥𝑖 (𝑘).
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Table 5-4 Deviation sequence of responses
Sr.
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Cutting
Speed
(m/min)
40
40
40
40
80
80
80
80
120
120
120
120
160
160
160
160

Input Variables
Feed Rate Flow
(mm/rev) Rate
ml/h
0.1
40
0.2
60
0.3
80
0.4
100
0.1
60
0.2
40
0.3
100
0.4
80
0.1
80
0.2
100
0.3
40
0.4
60
0.1
100
0.2
80
0.3
60
0.4
40

Nozzle
Distance
(mm)
6
9
12
15
12
15
6
9
15
12
9
6
9
6
15
12

Computed Deviation values
Compression
Effective
Coefficient
ratio
shear angle
of friction
Kh
𝛽𝑒𝑓𝑓
𝜇
0.334
0.117
0.106
0.586
0.637
0.604
0.815
0.877
0.860
1.000
1.000
1.000
0.298
0.000
0.000
0.497
0.498
0.466
0.713
0.787
0.761
0.900
0.939
0.929
0.302
0.014
0.013
0.483
0.471
0.440
0.676
0.750
0.720
0.874
0.922
0.909
0.322
0.076
0.073
0.471
0.451
0.420
0.647
0.715
0.685
0.782
0.850
0.828

Surface
Roughness
Ra
0.067
0.210
0.317
0.500
0.000
0.150
0.367
0.450
0.700
0.100
0.383
1.000
0.117
0.183
0.417
0.600

5.2.4 Gray's relational coefficient:
After the original data have been preprocessed and normalized, the grey relational
coefficients (GRCs) are calculated for each run of the experiment. Standard experimental
values are compared with normalized values in order to define the GRC. To compute the
GRC, use Equation below (Sarikaya and Güllü 2015).
𝜗𝑖 =

∆𝑚𝑖𝑛 − 𝜁∆𝑚𝑎𝑥
∆𝑜𝑖 (𝑘) + 𝜁∆𝑚𝑎𝑥

Here 𝜗𝑖 represents the GRC, ∆𝑜𝑖 (𝑘) standard deviation. The distinguishing coefficient is a
value of 𝜁 ∈ [0, 1]; nevertheless, in this study, we used 𝜁 = 0.50 in accordance with metal
cutting theory (Jozić, Bajić, and Celent 2015).
∆𝑚𝑖𝑛=𝑚𝑖𝑛 {∆𝑜𝑖 (𝑘),𝑜=1,2,…….𝑚 ;𝑖=1,2,…..𝑛
∆𝑚𝑎𝑥=𝑚𝑎𝑥 {∆𝑜𝑖 (𝑘),𝑜=1,2,…….𝑚 ;𝑖=1,2,…..𝑛
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Table 5-5 Grey relation Coefficient
Sr.
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Cutting
Speed
(m/min)
40
40
40
40
80
80
80
80
120
120
120
120
160
160
160
160

Input Variables
Feed Rate Flow
(mm/rev) Rate
ml/h
0.1
40
0.2
60
0.3
80
0.4
100
0.1
60
0.2
40
0.3
100
0.4
80
0.1
80
0.2
100
0.3
40
0.4
60
0.1
100
0.2
80
0.3
60
0.4
40

Nozzle
Distance
(mm)
6
9
12
15
12
15
6
9
15
12
9
6
9
6
15
12

Compression
ratio
Kh
0.600
0.461
0.380
0.333
0.627
0.502
0.412
0.357
0.623
0.509
0.425
0.364
0.608
0.515
0.436
0.390

GRC
Effective
shear angle
𝛽𝑒𝑓𝑓
0.811
0.440
0.363
0.333
1.000
0.501
0.389
0.348
0.972
0.515
0.400
0.352
0.868
0.526
0.411
0.370

Coefficient
of friction
𝜇
0.825
0.453
0.368
0.333
1.000
0.517
0.396
0.350
0.975
0.532
0.410
0.355
0.873
0.544
0.422
0.376

Surface
Roughness
Ra
0.882
0.704
0.612
0.500
1.000
0.769
0.577
0.526
0.417
0.833
0.566
0.333
0.811
0.732
0.545
0.455

5.2.5 Grey Relational Grade
Comparability and reference sequences are compared to determine the grey relational
grade. Gray relational grading states that the most similar comparability sequence to the
reference sequence means the experiment should be selected.
A combined grey relational grade (GRG) is calculated when more than one output is taken
into consideration by multiplying each output by its weight (out of 1.0) and then adding the
results. The GRG is calculated by the Equation below
𝛾𝑖 =

𝑛
1
∑ 𝜗𝑖 (𝑘)
𝑛
𝑖=1

The GRG for an experiment is represented by 𝛾𝑖 , and the number of response parameters
is represented by n.
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Table 5-6 Grey relational grade and rank
Sr.
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Cutting
Speed
(m/min)
40
40
40
40
80
80
80
80
120
120
120
120
160
160
160
160

Input Variables
Feed Rate Flow
(mm/rev) Rate
ml/h
0.1
40
0.2
60
0.3
80
0.4
100
0.1
60
0.2
40
0.3
100
0.4
80
0.1
80
0.2
100
0.3
40
0.4
60
0.1
100
0.2
80
0.3
60
0.4
40

Nozzle
Distance
(mm)
6
9
12
15
12
15
6
9
15
12
9
6
9
6
15
12

GRG and Rank
GRG
Rank

0.779
0.514
0.431
0.375
0.907
0.572
0.444
0.395
0.747
0.597
0.450
0.351
0.790
0.579
0.454
0.398

3
8
12
15
1
7
11
14
4
5
10
16
2
6
9
13

The Grey relation grade is presented in Table 4-5 with its rank and set of cutting parameters.
According to the table above, experiment number five had the highest GRG value.
Experiment no 5 is the most optimized condition for the cutting operation because it shows
the highest rank in the table. The mean-of-mean graph has been drawn, and table 4-6 shows
the rank of each cutting parameter.
Optimal conditions are: cutting speed of 80m/min, feed rate of 0.1 mm/rev, the flow rate
of 60 ml/h, and nozzle distance of 12mm. In Table 4-6, we present the means of the GRG
based on MINITAB. In MINITAB, the set of optimized conditions is Cutting speed, feed
rate, flow rate, and nozzle distance at levels 2,1,2 and 3. In the figure below, the optimal
parameters against GRG are represented graphically.
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Table 5-7 Response table for means
Level

Cutting speed

Feed rate

Flow rate

Nozzle distance

(m/min)

(mm/rev)

ml/h

(mm)

1

0.5249

0.8057

0.5499

0.5382

2

0.5792

0.5657

0.5564

0.5375

3

0.5363

0.4446

0.5379

0.5831

4

0.5552

0.3798

0.5515

0.5369

Delta

0.0546

0.4259

0.0185

0.9462

Rank

2

1

4

3

Figure 5-3 Means Response Graph
5.2.7 Optimal value prediction and confirmation test
Gray relational grades with higher values indicate that product quality is improving. The
optimal grey relational grade can be predicted when the controllable variables are optimal.
̂
̅̅̅̅
Yo= Y0𝑚 + ∑𝑘𝑖=1(Y
0𝑖 − Y0𝑚 )
This model expresses the predicted grey relational grade by 𝑌̂o, the total grey relational
grade by 𝑌0𝑚 , the average value at the optimum level by 𝑌0𝑖 , and the multiple responses by
k.
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Cutting speed is represented by S in the following table, feed rate with F, flow rate with
FR, and nozzle distance with ND. In light of the results, the optimal controllable parameters
are S2F1FR2ND3.
Table 5-8 Results of the confirmation test
Levels

Initial controllable
parameters
Optimal
controllable
parameters

Compres
sion ratio
Kh

Effective
shear angle
𝛽𝑒𝑓𝑓 degrees

Coefficient
of friction
𝜇

1.036

0.767

0.017

Surface
Roughness
Ra
𝜇𝑚
0.45

Prediction

Grey
Relational
Grade
0.907

0.877
S2F1FR2
ND3

Experiment
ation

1.036

0.767

0.017

0.45

GRG improvement = 0.03

In the optimization process, we have to consider nonlinearity to optimize the performance.
There is nonlinearity due to the different parameters used to calculate the performance
parameters, such as chip compression ratio, coefficient of friction, and effective shear
angle. Various steps in the process were used to find grey relational grades starting with
S/N ratios.
To see their impact on the machining process, we have to use either larger is better or
smaller is better in our objective function. In our particular case, we have some function
that minimizes means that smaller is better, and some factor that maximizes means that
larger is better. The goal is to maximize the effective shear angle while reducing the other
three factors: chip compression ratio, surface roughness, and friction coefficient. Different
steps are involved in processing the data from the S/N ratio to find the rank with grey
relational analysis. This was followed by normalization and then a reference sequence.
After calculating the grey relational coefficient, its Grade was determined. Then we
calculate the rank of the experiment, and rank one means that it showed the most optimized
result, MQL 5. In experiment number 5, the grey relational Grade was 0.907 with a rank of
1.
Tables 5-7 show the prediction grade using Minitab based on a similar set of parameters.
The GRA procedure calculates the Grade for each stage of optimized parameters based on
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0.907

the experimentation results. The study shows that the Grade is 0.03 better than predicted.
The mean of grey relational Grade have been used to identify the optimal parameters for
the particular experiments performed. According to the Grade mean, the optimal
parameters are a cutting speed of 80 m/min, feed rate of 0.1 mm/rev, a flow rate of 60 ml/h,
and nozzle distance of 12mm.
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Chapter 6
Vision-based system:
Analysis of the morphology of the chips to determine the process outcomes. The MATLAB
tool is used to determine the values of the parameters involved in chip morphology and
cutting operation. To investigate the quantitative properties of the chip’s morphology, a
MATLAB code is developed and compared to experimental data.
In the proposed method of analysis, images were automatically processed after browsing
through the MATLAB code and finding its different parameters. MATLAB 2021a was
used to develop the Code. A general schematic of the code is shown in the figure below,
which consists of input data, processing, and output parameters.

95

Figure 6-1 Flowchart of the vision-based system
A machine learning approach is used to measure the values in MATLAB for a picture taken
from literature. To study chip morphology, they used titanium Ti-6Al-4V (Daymi et al.
2009).
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Figure 6-2 Chip morphology of Titanium alloy (Daymi et al. 2009).
The image is processed in MATLAB according to the steps shown in figure 1. Green lines
indicate boundaries and from those boundaries, different parameters are determined.

Figure 6-3 Chip morphology showing boundaries in MATLAB
In MATLAB, various values are calculated, such as Peaks, valleys, pitches, and Chip
Segmentation directly from the chip morphology. There are more than one peak, valley,
and pitch. The value is calculated by taking the average of all peaks, valleys, or pitches.
The average peak observed= was 29.3687 mm
Average valley observed = 14.3757 mm
Average Pitch observed observed= 15.2693 mm
Average chip segmentation ratio observed = 0.5105
It is necessary to confirm whether the values obtained from MATLAB are correct or not.
To calculate peak, valley, and pitch values, ImageJ software is used.
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Average peak observed= was 29.4774 mm.
Average valley observed = 14.5010 mm
The average Pitch observed observed= 15.5600 mm
Average chip segmentation ratio observed = 0.5080.
To clarify the code that is not working for a specific material or image, we used a serrated
chip made from different material and uploaded the MATLAB code.

Figure 6-4 Chip morphology of equal channel angular extrusion (ECAE)-Processed
Titanium (Davis et al. 2018)
The figure shows the steps required to process the image in MATLAB. A green line
indicates boundaries, and a parameter is determined from those boundaries.

Figure 6-5 Boundaries on the Chip morphology
Different values are calculated according to the morphology of the chips and their
boundaries, as shown below
Average peak observed= 12.1708mm
Average valley observed = 8.8194mm
Average Pitch observed observed= 5.8453mm
Average chip segmentation ratio observed =
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0.275

The values obtained from MATLAB must be verified. ImageJ software is used to calculate
peak, valley, and pitch values.
Average peak observed= was 12.2218mm
Average valley observed = 8.8635mm
Average Pitch observed observed= 5.985mm
Average chip segmentation ratio observed =

0.275

The MATLAB code was uploaded to a serrated chip made from different materials such as
titanium alloy, hardened tool steel, and ECAE process titanium to clarify the code that does
not work for a specific material or image.

Figure 6-6 Chip morphology of Hardened tool steel (Natasha et al. 2014)
This figure illustrates the steps necessary to process an image in MATLAB. There are green
lines that indicate boundaries, and parameters are determined based on those boundaries.

Figure 6-7 Boundaries on the Chip morphology
As shown below, various parameters are measured from the chip using MATLAB code.
Average peak observed= was 9.2604 mm
Average valley observed = 5.5562 mm
Average Pitch observed observed= 5.9676 mm
Average chip segmentation ratio observed =
99

0.4000

Similarly, values obtained from MATLAB must be verified with image J. Below are the
results.
Average peak observed= was 9.335mm
Average valley observed = 5.638mm
Average Pitch observed observed= 5.98815mm
Average chip segmentation ratio observed =

0.3960

The different parameters of chip morphology are found by using different images in
MATLAB, which is then rechecked in image J.Images were taken from literature to
examine the capabilities of the program and to determine the percentage error in different
values.A cumulative percentage error of 0.50% has been found to be present in chip
segmentation ratios of different materials. Then comes the peak of chip morphology, which
accounts for 0,525%. In terms of error percentage, valleys rank 3rd with a 0.98 percent
error rate. Finally, the pitch value shows the highest error percentage at 1.51%.
Matalb code
%% Loading Image
img = imread('sample3.png');
%% Setting Up Parameters
intensity = 0.5;
npeaks = 3;
%% Image Preprocessing to remove noise, sharpen edges and binarize the image
smoothImg = edge_pres_smoothing_filter(img);
% gImg = rgb2gray(smoothImg);
gImg = uint8(smoothImg(:,:,1));
b = imsharpen(gImg,'Radius',2,'Amount',1);
binImg = imbinarize(b, intensity);
imshow(binImg)

100

se = strel('line',5,20);
BW2 = imdilate(binImg,se);
BW2 = imfill(BW2, 8,'holes');
% imshow(BW2)
%% Finding out the boudary lines of the shapes
for row = 1 : length(BW2)
if BW2(row, 1) ~= 0
index = row;
break
end
end
boundary = bwtraceboundary(BW2,[index, 1],'N');
imshow(uint8(img))
hold on;
plot(boundary(:,2),boundary(:,1),'g','LineWidth',1);
% % Check for whether going up or goind down. 1 for Up and 0 for Down
% up = find_direction(boundary(1,1), boundary(2:4,1));
%
% peak = zeros();
% valley = zeros();
% for b = 2 : length(boundary)
%
%

if boundary(b, 1) >= boundary(b-1, 1) && up == 0
up = find_direction(boundary(b,1), boundary(b:b+6,1));

%
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%

elseif boundary(b-1, 1) < boundary(b, 1) && up == 1

%
%

end

% end

%% Finding valleys upper y points
x = 1:length(boundary(:, 1));
A = (boundary(:, 1));
TFMax = islocalmax(A);
kmax = find(TFMax, npeaks);
valleys = boundary(kmax, 1);
valleyidxs = boundary(kmax, 2);
%% Finding peaks upper y points
TFMin = islocalmin(A);
kmin = find(TFMin, npeaks);
peaks = boundary(kmin, 1);
peakidxs = boundary(kmin, 2);
%% Finding pitches
pitches = zeros();
for i = 2 : length(peaks)
distance = sqrt((peaks(i)-peaks(i-1))^2 + (peakidxs(i)-peakidxs(i-1))^2 );
pitches(i-1) = distance;
end
%% Finding valley lower y points
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ctr = 1;
n = length(boundary);
while ctr <= npeaks
if valleyidxs(ctr) == boundary(n, 2)
valleys(ctr, 2) = boundary(n, 1);
ctr = ctr + 1;
end
n = n - 1;
end
%% Finding peaks lower y points
ctr = 1;
n = length(boundary);
while ctr <= npeaks
if peakidxs(ctr) == boundary(n, 2)
peaks(ctr, 2) = boundary(n, 1);
ctr = ctr + 1;
end
n = n - 1;
end
%% Finding average peaks, valleys and pitches
avgPeak = (mean(peaks(:, 2) - peaks(:, 1)))*0.2645833333
avgValley = (mean(valleys(:, 2) - valleys(:, 1)))*0.2645833333
avgPitch = (mean(pitches))*0.2645833333
%% Calcuate rest of formulas
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chip_seg_ratio = (avgPeak - avgValley)/avgPeak
%%
chip_segmentation_ratio=(avgPeak-avgValley)/avgPeak
%%
underformed_chip_thickness = 'What is the original value of underformed chip thickness?
';
underformed_chip_thickness = input(underformed_chip_thickness)
deformed_chip_thickness=avgPeak;
Chip_compression_ratio=(underformed_chip_thickness/deformed_chip_thickness)
%%
Rack_angle = 'What is the original value of Rack_angle? ';
Rack_angle = input(Rack_angle)
shear_angle=atan2d(Chip_compression_ratio*cosd(Rack_angle),1Chip_compression_ratio*sind(Rack_angle))
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Chapter 7
Conclusion and future work
The current research results are presented in this chapter, along with future research plans.
In this thesis, the effects of machining design variables and cooling strategies on the
machining characteristics of magnesium alloys were investigated. Turning tests were
performed with the recommended range of cutting parameters and the appropriate cutting
tools. To identify the cutting operation's performance, the current study used a multioptimization technique and a vision-based system. As a result of this study, the following
main conclusions can be drawn:
● The MQL provides an efficient cooling solution with superior performance for
overall cutting performance. Utilizing MQL reduces cutting tool wear, surface
roughness, and friction in the cutting zone, reducing the other factors involved in
machining.
● The MQL technique significantly improved tool life over dry machining in the
machining experiment. During the machining of Az31, a cutting speed of 80m/min
and feed rate of 0.1mm/rev resulted in optimized tool life. Furthermore, the MQL
flow rate was 60ml/h, and the nozzle distance from the tool was 12mm.
● A GRA was performed for various cutting conditions, and cutting speed, feed rate,
flow rate, and nozzle distance was calculated to be 80m/min, 0.1mm/rev, 60ml/h,
and 12mm, respectively. Based on the mean responses, we conclude that feed rate
had a greater influence on machining performance.
● Additionally, the morphology and microhardness of the chips are measured in the
experiments, which are improved by using the MQL. To determine the performance
of the cutting operation, surface roughness and contact length are measured. In
addition to the parameters mentioned above, similar optimized parameters have
been found.
● To identify the chip performance parameters on machining, a vision-based system
is developed to examine the chip morphology of the system.
● A chip morphology was used to measure and optimize primary and secondary
cutting performance parameters in this experiment.

7.1 Contributions
In the current research, the following contributions have been made to scientific
knowledge:
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●

In this study, research gaps in the literature were addressed regarding cooling

strategies during the machining of magnesium alloy using MQL.
●

In this study, we evaluated MQL fluids in terms of their cooling, lubricating, and

performance parameters.
●

By studying cutting tools, tool wear behavior, and chip morphology we were able

to gain a proper understanding of their operation, which can serve as a solid foundation for
further approaches to improve their machinability under sustained cooling conditions.
●

Optimization of the cutting parameters has been carried out using GRA. A range of

responses was considered, which affect tool wear and surface roughness.
●

Using a machine learning approach, a vision-based system is developed to measure

the chip morphology during machining.
●

This project aimed to develop the skills and tools required for dealing with technical

and sustainability issues involved with machining hard-to-machine materials, including
tool wear and surface quality.
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7.2 Insight of work
A few fluctuations are explained here based on all the experimentation and output
responses. The study used different input parameters, and the results showed that the feed
rate was the most effective one. The literature also shows that with increasing feed rate,
surface roughness, tool wear, and tool chip contact length increase. The literature widely
discusses the feed rate because increasing the feed rate increases the cutting forces, cutting
temperature, and friction forces at the surface, increasing the output response. In addition,
microhardness increases as the feed rate increases because of the strain hardening at the
material's surface due to plastic deformation. Study results revealed that cutting speed also
affects flank wear, surface roughness, and microhardness. In this case, however, we found
that 80m/min showed better results than 40m/min since, at a lower cutting speed, more
buildup edges are present, resulting in a reduction in machine performance. Thus, we found
80m/min to be the optimal speed. Our study found that the flow rate of 60ml/h was also
among the input parameters that gave the most reliable results among other cooling
conditions. The improvement between 100ml/h and 60ml/hr did not differ dramatically, but
60 showed the most noticeable improvement. Common sense suggests that increasing flow
rate will increase performance. However, it did not happen since the lubricant only served
as a lubricant after a specific flow rate. Therefore, we cannot see any improvement after
the 60ml/min, the optimized flow rate. The nozzle distance was the last input parameter in
our study. Based on this, we calculated the optimal distance for the nozzle, which was
12mm. There is almost no impact at other distances, as the distance of the nozzle determines
how it can reach the tool insert's surface. The appropriate distance we found is 12mm,
where the flow rate is reached to tool insert surface appropriately for lubrication and
improved performance.

7.3 Future Work.
The following should be the focus of future research:
● More design variables can be included in the design by including different MQL air
pressures, orientations of the MQL nozzle, and cutting tool geometries.
● To achieve better results, measure the tool temperature, cutting forces, and power
consumption.
● A variety of cooling strategies can be utilized, such as MQCL, cryogenics, and
nanofluids.
● Simulate the MQL using the FEM model and CFD simulation.
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